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P R E F A C E
The n a tu re  and e x te n t o f ground movements r e s u l t in g  from 
th e  e x tra c t io n  of co a l can be p re d ic te d  w ith  a f a i r  degree of accuracy 
as a r e s u l t  o f ex tensive  re se a rch  c a r r ie d  out in  th e  p a s t .  There i s ,  
however, l i t t l e  q u a n t i ta t iv e  in fo rm ation  about th e  e f f e c t  of such 
movements on s t r u c tu r e s .  This in fo rm ation  i s  necessary  f o r  th e  
p ro te c t io n  of e x is tin g  s tru c tu re s  from damage due to  mining opera tions 
and fo r  th e  design  of new s tru c tu re s  f o r  e re c tio n  in  mining a re a s .
The work d escribed  here was c a rr ie d  out to  s tudy  th e  
f a c to rs  governing th e  tran sm iss io n  o f ground movement t o  s t ru c tu re s ,  
and th e  damage a r is in g  from th e  tra n sm itte d  movement »
S ec tio n  1 i s  concerned w ith  th e o r e t ic a l  asp ec ts  of th e  
tran sm iss io n  of ground movement to  s t ru c tu re s  * The e f f e c ts  of v e r t i c a l  
and h o r iz o n ta l movements a re  considered  s e p a ra te ly . In  each case an 
exp ression  i s  derived  fo r  th e  c r i t i c a l  le n g th  of s t ru c tu re  a t  which 
damage w i l l  occur.
T ests on e x is tin g  s tru c tu re s  which were su b je c t to  mining 
subsidence a re  d escrib ed  in  Sections 2 to  4» The development and 
a p p lic a tio n  of s u i ta b le  techniques fo r  th e  measurement o f  h o r iz o n ta l 
and v e r t i c a l  movements o f  ground and s tru c tu re s ,  and fo r  th e  measurement 
of w all t i l t ,  a re  d esc rib ed . Dhmage which occurred to  th e  s tru c tu re s  
is  l i s t e d  and i s  r e la te d  where p o ss ib le  to  measured ground movements.
S ec tio n  5 d escrib es  t e s t s  which were c a r r ie d  out w ith  sand 
models to  s tu d y  movements in  a  cohesion less mass su b je c t to  h o r iz o n ta l
A paper e n t i t l e d  "SUBSIDENCE -  The Transm ission of Cbround 
Movement to  Surface S tru c tu re s"  was read  to  th e  Mining I n s t i t u t e  o f 
Scotland  by th e  au thor and h is  su p e rv iso r. This paper has s in c e  been 
accep ted  fo r  p u b lic a tio n  by th e  I n s t i tu t io n  of Mining E ngineers .
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S ec tio n  1 THBCRKTICAL ASPECTS OF THE TEIANSMISSIQN OP
GROUND MOVMBNT TO STRUCTURES
1 .1 .  In tro d u c tio n .
Ground movements which occur a t  th e  su rfa c e  over a  mine working 
a re  th re e  dim ensional in  c h a ra c te r  though, a s  a r e s u l t  o f th e  methods 
used in  t h e i r  measurement, i t  i s  u su a l to  co n sid er th e  v e r t i c a l  and 
h o r iz o n ta l con^onents sep ara te ly *  The fa c to r s  a f fe c t in g  th e  
d is t r ib u t io n  o f such v e r t i c a l  and h o riz o n ta l movements have been 
s u f f i c ie n t ly  d iscussed  and documented by o th e r workers |^1*1, 1*2,
1 .3  I  t o  ren d er d e s c r ip tio n  o f them here unnecessary . The o b je c t o f 
th e  re se a rc h  described  h e re in  i s  the  s tudy  o f the  e f f e c t  o f such ground 
movements on s tru c tu re s ,  w ith  re fe ren ce  to  th e  type and amount of ground 
movement which would cause damage and to  th e  f a c to rs  which govern th e  
tran sm iss io n  o f ground movement to  s tru c tu re s*  Though th e  damage 
caused by ground movement i s  a r e s u l t  o f th e  combined e f f e c t  o f v e r t i c a l  
and h o r iz o n ta l movement, fo r  th e  purpose o f th e  d is s e r ta t io n  which 
fo llow s th e  e f fe c t  o f each type of movement w i l l  be considered  s e p a ra te ly .
1 .2 .  The E ffe c t o f V e r tic a l  Movement.
D if f e r e n t ia l  v e r t i c a l  movement of th e  ground su rface  r e s u l t s  in  
t i l t i n g  which can be dangerous in  the  case of t a l l  s tru c tu re s  where i t  
may le a d  to  i n s t a b i l i t y .  Some s tru c tu re s  must be kep t le v e l  in  order 
th a t  th ey  fu n c tio n  p ro p e rly  ( e .g .  b r id g e s , foundations of machinery e tc . )  
and a re , th e re fo re , ad v e rse ly  a ffe c te d  by t i l t i n g ;  methods o f r e le v e l l in g
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such s t ru c tu re s  have been described  j  • The e f f ic ie n c y  o f sewage
and land  d ra in ag e  la y o u ts  may a lso  be im paired by red u c tio n  in  th e  flow 
g ra d ie n ts  n ecessa ry  fo r  th e  proper o p era tio n  of th e  system s.
The s tr e n g th  c h a ra c te r i s t ic s  of most co n v en tio n a l s t ru c tu re s  a re  
such th a t  a  s t ru c tu re  s e t  on ground which i s  su b je c t to  v e r t i c a l  movement 
w i l l ,  in  g e n e ra l, d e f le c t  under th e  a c tio n  o f i t s  own w eight to  conform 
to  th e  shape o f th e  ground su rfa c e . Thus th e  cu rv a tu re  of th e  ground 
su rfa ce , which i s  an e s s e n t ia l  f e a tu re  o f subsidence movement, w i l l  g ive 
r i s e  to  d i f f e r e n t i a l  v e r t i c a l  movement over th e  a re a  of a s t ru c tu re  s e t  
th e reo n . Such d i f f e r e n t i a l  movement, i f  la rg e  enough, w i l l  cause 
crack ing  o f th e  s t r u c tu r e .
A survey o f  p u b lish ed  work was made to  determ ine th e  magnitude 
o f th e  r e l a t i v e  d e f le c t io n  between ad jacen t p a r ts  o f a s t ru c tu re  which 
would r e s u l t  in  crack ing  of th e  s t ru c tu re  ^Ref. 1 .5  to  1 .10
The d a ta  ob tained  a re  shown in  Table 1 .1  ; i t  w i l l  be noted th a t  th e  
d a ta  f a l l  in to  two groups which r e l a t e  to  two d i s t i n c t  types o f d e f le c tio n . 
Some o f th e  a u th o r i t ie s  quoted in  Table 1 .1 . r e l a t e  the  inc idence  o f 
damage to  th e  t i l t  o f se c tio n s  o f a s tru c tu re  w h ile  th e  o th e rs  r e l a t e  
i t  to  th e  r a t i o  o f th e  displacem ent a t  th e  c e n tre  to  th e
le n g th  *L* o f th e  s t r u c tu re .  The f i r s t  concept i s  more u se fu l in  
co nsidering  th e  in c id en ce  o f damage to  th e  b r ic k  i n f i l l i n g  of framed 
s tru c tu re s  when th e  fram es are  d is to r te d  out o f square . In  th e  second 
ca teg o ry  th e  f ig u re s  g iven  r e l a t e  to  th e  displacem ent o f load  b ea rin g  
b r ic k  w a lls  s e t  on co n cre te  s t r i p  fo u n d atio n s . C onsideration  of th e  
d a ta  g iven  (Table 1 .1 .)  suggests l im its  of deform ation  o f in  th e
f i r s t  case  and ■ in  th e  second.4 vUV
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C onsider th e  d e f le c t io n  of a load  bearin g  b r ic k  w a ll o f  le n g th  
*L* f e e t  which i s  su b jec t t o  cu rv a tu re  as a r e s u l t  o f  mining subsidence. 
I f ,  when th e  ra d iu s  of cu rv a tu re  of th e  ground and b u ild in g  i s  ’R* f e e t ,  
th e  d e f le c t io n  of th e  c e n tre  o f th e  w a ll r e l a t iv e  to  i t s  ends i s  f e e t  
i t  can be shown th a t
a = - |1   (1.2.1)
Now con sid er th e  equa tion  of th e  subsidence curve g iven  by 
Whetton & King |^ l . l l j  , namely
I  = - i .  ( 1 -  ta n  h . I - (1 .2 .2 )
2 ^ h ta n  oLy
where
z  = subsidence a t  a d is tan ce  *y< from th e  p o in t of in f le c t io n
o f th e  subsidence development curve.
8 = am plitude o f th e  subsidence development curve.
h = th e  depth to  th e  pane l being ex tra c te d  «
o( = th e  angle of draw.
The above equation  was derived  by Whetton and King as a  r e s u l t  of
ezperim ents on g e la tin e  models; i t  was shown to  be in  reaso n ab le
agreement w ith  a c tu a l subsidence p r o f i le s  measured in  th e  f i e l d  and i s ,  
th e re fo re , s u i ta b le  f o r  use in  th i s  a n a ly s is .
Using equations (1 .2 .1 )  and (1 .2 .2 )  i t  can be shown th a t
S ect, l )  4
2
_ 1 . = IJL = 8A _ 48  sec h^2r s iq  b 2y
& dyZ L tan^o( h tano^ h tan
and th a t  cu rv a tu re  i s  a  maximum when y  = 1 0«33 h ta n  <X. As th e  
im portan t f a c to r  o f th e  cu rv a tu re  i s  i t s  magnitude th e  signs need no t 
be considered*
T herefore maximum cu rv a tu re
which fo r  average values o f and d l  o f 35^ re s p e c tiv e ly
g ives
L = ■ ■ ' ' —---------- — —————— ——— (1*2*3)
® 1550 S.
where = c r i t i c a l  le n g th  of s t r u c tu re  in  re sp e c t o f th e  inc idence
of damage due to  curvature*
S ection  1.3* THB EFFECT OF HORIZONTAL M07EMENT
1.3*1* G eneral.
D if f e r e n t ia l  h o r iz o n ta l ground movements a t  th e  su rface  a re  
tra n sm itte d  in  a g re a te r  or le s s e r  degree to  s tru c tu re s  s e t  th e reo n , 
causing them to  s t r a in  and, i f  the movements are  la rg e  enough, to  break, 
Research work over the  y ea rs  has provided a considerab le  amount of 
in fo rm ation  about the  magnitude and d is t r ib u t io n  o f h o r iz o n ta l ground 
movement and has enabled methods of p re d ic tio n  to  be evolved |^1.12 J ; 
in  a d d itio n  a reasonab le  es tim ate  can be made of th e  amount o f movement
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a p a r t ic u la r  s tru c tu re  can s ta n d . There i s ,  however, a  g re a t lack  of 
in fo rm ation  about th e  f a c to rs  which govern th e  tran sm iss io n  of ground 
movement to  s t r u c tu re s .
I f  s tru c tu re s  had th e i r  foundations s e t  in to  bed-rock  th e re  would 
be l i t t l e  d i f f i c u l t y  in  determ ining th e  r e la t io n s h ip  between ground and 
s t r u c tu r a l  movement. Most s t r u c tu r e s ,  however, have foundations r e s t in g  
in  unconso lidated  m a te r ia l and i t  i s  n ecessary  to  in v e s t ig a te  th e  fa c to rs  
a f fe c t in g  the  tran sm iss io n  of movement through t h i s  unconsolidated  
m a te r ia l to  r e la t iv e ly  r ig id  s t r u c tu r e s .
1 .3 .2 .  The tran sm issio n  o f h o r iz o n ta l ground movement by unconsolidated  
m a te r ia ls  i s  a  problem which could b e s t be in v e s tig a te d  by f i e ld  measure­
ment, over mine workings, of movement a t  th e  rock  head and a t  th e  su rface  
of th e  unconsolidated  m a te r ia l . S u ita b le  s i t e s  where measurements o f 
th i s  type can be made a re  d i f f i c u l t  to  f in d , b u t th e  a p p lic a tio n  of 
sim ple s o i l  mechanics th eo ry  helps to  e lu c id a te  th e  problem in  a genera l 
way.
Consider th e  s t a te  of s t r e s s  in  a  s o i l  mass w ith  h o riz o n ta l 
su rface , su b je c t to  h o r iz o n ta l movement. The sh earin g  re s is ta n c e  
on a p lane in  a s o i l  mass i s  r e la te d  to  th e  normal s t r e s s  on th a t
p lan e , by th e  equation
— O' ta n  (|) + G ——— — — (1. 3. 1)
where (j) = angle of in te r n a l  f r i c t i o n
S ect. l )  6
h]
= c o e f f ic ie n t  o f cohesion o f th e  m a te r ia l .
I t  can be shown by re fe ren ce  to  s tandard  s o i l  mechanics th eo ry  
th a t  a  s t a t e  o f t e n s i l e  s t r e s s  cannot e x is t  in  a  co h esio n less  
m a s s  ( i . e .  one in  which 0 = 0 )  even under a c o n d itio n  of e longation , 
In  such a  case f a i l u r e  takes p lace  along p lanes in c lin e d  a t  an  ang le o f 
(45 -  )^  to  th e  v e r t i c a l .  I t  can be shown th a t  under th i s
co n d itio n  th e  r e la t io n s h ip  between th e  h o r iz o n ta l p r in c ip a l  s t r e s s  *
and th e  v e r t i c a l  p r in c ip a l  s t r e s s  ' * i s
0  g = 0  Y ta n  ^ 5  ^  ^  (1 .3 .2 )
S im ila r ly  in  a  cohesion less mass, su b je c t to  com pression, i t  can 
be shown th a t  f a i l u r e  takes p lace  along a  p lane  in c lin e d  a t  |45 +
to  th e  v e r t i c a l  when th e  r e la t io n s h ip  between and 0  y i s
(T 7  = (T^ t a i^  U 5 + - L  ------------------- (1 .3 .3 )
Thus, co n sid erin g  th e  case of f a i lu r e  in  a  mass o f d ry  sand, th e  
n e a re s t p r a c t ic a l  approach to  an id e a l  co h esio n less  m a te r ia l , and tak ing
a ty p ic a l  value of ^ = 40° i t  can be shown th a t
CT^ a  0.22 c r ^  ------------------------------------- (1 .3 .2 a )
fo r  f a i lu r e  r e s u l t in g  from e lo n g atio n  of th e  mass
and 0  = 4* 56 0  ^ (1 .3  *3a)
fo r  f a i lu r e  r e s u l t in g  from com pression o f the mass.
In  th e  case o f  a  s o i l  mass w ith  cohesion, su b je c t to  ex tension ,
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I t  can be shewn th a t  a s ta te  o f t e n s i l e  s t r e s s  can e x i s t  in  a  h o r iz o n ta l
d ir e c t io n  fo r  c e r t a in  values o f (Ty , namely
when Y ^ ^ 2  C ta n  J^!^3 + ^ ] ^ ^ ^ h *  — —————————— (1*3*4)
V  ^ /
where ^  = s p e c if ic  w eight of m a te r ia l
h = dep th  to  p o in t under co n s id e ra tio n
Taking ty p ic a l  va lues of C, ^ and o f 500 I b / f t ^ ,  15° and,
110 I b / f t ^  i t  can be shewn th a t  a s t a te  o f t e n s i l e  s t r e s s  can e x i s t  to  
a depth o f  approxim ately  12 f t .
For a cohesive m a te r ia l th e  re la t io n s h ip s  between (Tg and 
when f a i lu r e  due to  e longation  or com pression takes p la c e , a re  as 
fo llow s
0 g = 0  Y tan^  ^45 *= ^ ^  — 2C ta n  ^45 =* ^  ^
fo r  e lo n g atio n  -----------------------  (1*3*5)
(T^  = (T  ^ tan^ ^45 + + 20 tan ^45 + j
fo r  com pression.    (1*3
The ty p ic a l  v a lu es  o f * ^ “ and *0® given above give
(5^ = 0.59 (J-^ -  770 --------------- --------——— -  (l* 3 .5 a)
fo r  f a i lu r e  due to  e lo n g a tio n
0  g — 1*69 0  Y  ^ 1300 ———————————— ————— — (1*3 *^a)
fo r  f a i lu r e  due to  com pression.
Since in  th e  u n d is tr ib u te d  s ta te  the  h o rizo n ta l p r in c ip a l  s t r e s s
Sect* 1) ®
Since in  th e  und istu rbed  s t a t e  the  h o riz o n ta l p r in c ip a l  s t r e s s  
• (7 ^  * i s  approxim ately  equal to  th e  v e r t i c a l  p r in c ip a l  s t r e s s  ® (Ty ’ 
i t  i s  obvious t h a t  com pressive ground movements w i l l  g iv e  r i s e  to  
co n s id erab le  l a t e r a l  p ressu re  on p a r ts  o f s tru c tu re s  below ground le v e l, 
(l*3*3a, l*3#&a)*
In  an a ttem p t to  t e s t  the  a p p l ic a b i l i ty  of th i s  th e o ry  in  th e  
case  of co h esio n less  m a te r ia l , some t e s t s  w ith  sand models were c a r r ie d  
out* These t e s t s  a re  describ ed  in  S ec tio n  5*
1*3*3* The tran sm iss io n  of h o r iz o n ta l movement from s o i l  to  a s t ru c tu re  
can e a s i ly  be v is u a lis e d  in  th e  case  o f a cohesive m a te r ia l in  which 
t e n s i le  s t r e s s e s  can e x is t  a t  or n ear th e  surface*  Bearing in  mind 
th a t  t e n s i l e  s t r e s s e s  cannot e x is t  in  a  p u re ly  co h esio n le ss  m a te r ia l ,  i t  
i s  d i f f i c u l t  to  v is u a l is e  how a m a te r ia l such as d ry  sand can tra n sm it 
t e n s i l e  movement to  a  s tru c tu re *  To e lu c id a te  t h i s  m a tte r c o n s id e ra tio n  
w i l l  be g iven  to  some th e o re t ic a l  and p r a c t ic a l  a sp ec ts  o f th e  tran sm iss io n  
of ground movement to  s tru c tu re s*
When a s t ru c tu re  i s  s i t e d  on s o i l  which i s  su b je c ted  to  movement 
as a r e s u l t  of mining opera tio n s r e l a t iv e  movement of th e  s o i l  and th e  
foundation  of th e  s t ru c tu re  may ta k e  place* Experiments a t  the  Road 
Research L aboratory  ^1*14 j  where co n cre te  s la b s  were pushed and p u lle d  
over d i f f e r e n t  ty p es o f  s o i l  showed th a t ,  when r e l a t i v e  movement took 
p lace between s la b  and s o i l ,  th e  f r i c t i o n a l  r e s is ta n c e  t o  movement v a ried  
w ith  th e  magnitude of th e  r e la t iv e  movement up to  a ma-ri mnm v alu e ;
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subsequent r e l a t i v e  movement took p lace  a g a in s t t h i s  l im it in g  r e s is ta n c e .  
Values of maximum re s is ta n c e  between 100 and 300 I b / f t ^  a t  r e l a t iv e  
d isp lacem ents of 0 .01  to  0.05 in .  were found fo r  m a te r ia ls  ranging  from 
smooth sand to  rough c l in k e r .  Though th ese  r e s u l t s  were ob tained  by 
moving s la b s  over s o i l  th e re  i s  j u s t i f i c a t i o n  fo r  using  th e  r e s u l t s  in  
considering  th e  movement o f s o i l  p a s t s la b s , o r o ther f l a t  bottomed 
s tru c tu re s  as i t  i s  th e  r e la t iv e  movement between th e  two which i s  
im portant in  each ca se .
Consider th e  tran sm iss io n  of s t r a i n  to  a s t r u c tu re  w ith  a modulus 
of e l a s t i c i t y  I b / f t ^ ,  base w id th  f t ,  le n g th  f t  and s e c t io n a l
a rea  ’A’ f t ^ .  Suppose th a t  th e  s t r u c tu re  i s  s e t  on unconso lidated  
m a te r ia l su b je c t to  a  h o rizo n ta l ex ten sio n  of ® ^  * mm/m. The fo llow ing  
assumptions w i l l  be made
1) The fo rc e  tra n sm itte d  to  th e  s t ru c tu re  in c re a se s  uniform ly 
w ith  in c re a se  in  r e la t iv e  displacem ent between s o i l  and s lab  
up to  a  l im it in g  v a lu e  o f I b / f t ^ ,  a t  a r e l a t i v e  d isp la c e ­
ment o f  * A  * For r e la t iv e  disp lacem ents g re a te r  than
th e  fo rce  tra n sm itte d  i s  co n s tan t a t  E l b / f t  « F ig . 1 .1 a .
c
2) The c e n tre  l in e  o f the  s t r u c tu re  does no t move r e l a t i v e  
to  th e  ground.
3) The r e l a t iv e  displacem ent a t  p o in ts  away from th e  c e n tre  
l in e  i s  p ro p o rtio n a l to  th e  d is ta n c e  o f  th e  p o in ts  from th e  
ce n tre  l i n e .
The assumed r e la t io n s h ip s  reg a rd in g  th e  fo rc e  tra n sm itte d  between
Li.
(/)
RELATIVE DISPLACEMENT.
( A )
u.
ÜJ
DISTANCE FR O M C E N T R E  L I N E
( b )
A S S U M E D  R E L A T I O N S H I P S
FIG. 1.1.
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th e  s o i l  and s t r u c tu re  a re  as shown in  F ig s . 1 .1 . a  and b .
I t  i s  obvious th a t  th e  d is ta n c e , ®a* f t  from th e  c e n tre  l in e  of
th e  s tru c tu re  to  th e  p o in t where tra n sm itte d  fo rc e  o b ta in s ,
w i l l  depend on th e  magnitude o f th e  ground s t r a i n  £  . At sm all
v alues of ^  th e  c r i t i c a l  d isplacem ent may not be reached w ith in  th e  
Q
lengthy 'L* f t ,  in  which case th e  fo rc e  a t  th e  c e n tre  l in e  of th e  
s t ru c tu re  w i l l  be g iven  by
F, =  (1 .3 .7)
t .  8a
At la rg e  v a lu es of th e  c r i t i c a l  d isplacem ent w i l l  be 
a t ta in e d  w ith in  th e  le n g th  of th e  s t ru c tu re  and th e  fo rc e  a t  th e  c e n tre  
l in e  w i l l  be g iven  by
F i  = (L -  a ) ------------------------------------- (1 .3 .8 )
There w i l l  be a  value of which w i l l  j u s t  cause th e  c r i t i c a l
r e la t iv e  displacem ent * ® to  be a t ta in e d  a t  th e  end of th e  s t r u c tu re
i#e# th e re  w i l l  be a  value of f  where a  = . In  t h i s  case th e
4 2
fo rc e  a t  th e  c e n tre  l in e  of th e  s t r u c tu re  w i l l  be g iv en  by
F » . _ f 1 Q
t  4
Now i t  can be shown th a t  th e  s t r a i n  s e t  up in  th e  s t ru c tu re  i s  n e g lig ib le  
compared w ith  th e  ground s t r a i n  6^  . Therefore
4  = ^ ---------------------------------------- Ü -3 -1 » )
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I f  th e  v alue  o f a t  which a  = - ÎL  I s  th en  frcm (1 .3 .1 0 )
£  = gOg9..Ac ---------------------------------------------- (1 .3 .1 1 )
^  L
The t o t a l  fo rc e  a t  th e  c e n tre  l in e  of th e  s t r u c tu re  w i l l  be g iven  
hy s q .(1 .3 .7 )  f o r  ^  and by e q .(1 .3 .8 )  f o r  £.g.
Consider nex t th e  s t r e s s e s  s e t  up a t  th e  c e n tre  l in e  o f th e  
s t ru c tu re  as a r e s u l t  o f th e  above fo rc e s ; suppose th a t  th e  s e c tio n a l
o 4*
a rea  of the  s t r u c tu re  i s  *A® f t  and i t s  modulus o f r i g i d i t y  i s  f t .
I f  the  le n g th  o f th e  s t ru c tu re  i s  sm all in  comparison w ith  i t s  heigh t 
then  the  s t r e s s  a t  th e  c e n tre  se c tio n  w i l l  be e c c e n tr ic a l ly  d is t r ib u te d  
over th e  h e ig h t o f th e  s t r u c tu r e .  I f  th e  d is ta n c e  trcm  th e  n e u tra l  ax is  
to  th e  bottom edge o f th e  s la b  i s  ^y^* f t .  th en  th e  s t r e s s  a t  any se c tio n  
a t  a  d is ta n c e  *y® f t  from th e  n e u tra l  ax is  i s  g iven by
(T~ = + — j  ----------------------------------------(1 .3 .1 2 )
The maximum s t r e s s  w i l l  occur a t  th e  bottom edge and w i l l  be g iven  by
= F ^ f - r -  * -4 -1   (1 .3 .02a)
or ^""max, ^  ^1
2
where K. = ^  ^1
A I
I f ,  on th e  o th e r hand, th e  le n g th  of th e  s t r u c tu r e  i s  la rg e  in
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cocqparlson w ith  I t s  he igh t th e  s t r e s s  a t  th e  c e n tre  s e c tio n  w i l l  be 
more or le s s  uniformly d is t r ib u te d  and w i l l  be  given by
= —   (1 .3 .1 3 )
In  g en e ra l th e  mA^ rfTntim value o f s t r e s s  a t  th e  c e n tre  s e c tio n  w i l l  
have some value  between th a t  g iven by eq.(l*3#12a) and (1.3*13) b u t a s  th e  
most c r i t i c a l  co n d itio n  i s  th a t  expressed  in  e q .( l.3 * 1 2 a ) t h i s  equa tion  
w i l l  be used in  th e  a n a ly s is  which fo llo w s.
F a ilu re  o f th e  s tru c tu re  w i l l  occur when ^  th e
u ltim a te  t e n s i l e  s t r e s s  o f th e  m a te r ia l from which i t  i s  c o n s tru c ted , 
i . e .  fo r  crack ing
F  ^ Kn =
For v a lu es  of ©qs.(1.3*8) and (1.3*10) i t
can be shown th a t
----------------------------- (1 .3 .1 4 )
e,
'C I^EW ■ F
where = c r i t i c a l  le n g th  o f s t ru c tu re  w ith  re s p e c t  to
damage due to  ex ten sio n .
For v a lu es  o f and u sing  equations (1*3*7) and (1.3*10)
i t  can be shown th a t
------------------------------------------------ (1 .3 .1 5 )
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where K, = _ 8 0 0 0 ^ ç £ ü '
^  R Kj^ W.
The graph of Lq a g a in s t i s  shown in  F ig , 1 ,2 .
As tends to  o O  e q .(1 .3 ,1 4 ) , tends to  a  l im it in g  v alue  
o f 2 which i s  a co n s tan t fo r  a g iven  s e t  of c ircum stances.
L et th i s  l im itin g  value o f be c a lle d  the  'maximum sa fe  le n g th ' o f 
s t r u c tu r e .  I t  i s  obvious th a t  a s t ru c tu re  o f le n g th  le s s  than  th e  
maximum sa fe  le n g th  w i l l  no t s u f fe r  damage due to  ground s t r a in ,  
i r r e s p e c t iv e  of th e  magnitude of th a t  ground s t r a i n .
C onsider next th e  f a c to rs  which a f f e c t  th e  maximum s a fe  len g th  
o f s t r u c tu re ,  L ^ ^  , where
W  = -------------------------------------
The e f f e c t  of each of th e  q u a n t i t ie s  in  th e  above ex p ressio n  w i l l  be 
considered  in  tu rn .
The s tre n g th  o f th e  m a te r ia l from which th e  s t ru c tu re  i s  co n s tru c ted , 
, w i l l  be f a i r l y  co n s tan t f o r  th e  normal b r ic k  or concre te  s t r u c tu r e .  
In  genera l th e  s tre n g th  of th e  s t r u c tu re  can be in creased  by the  p ro v is io n  
of te n s io n a l re in fo rcem en t. The most e f f e c t iv e  p o s i t io n  f o r  th i s  
te n s io n a l re in forcem ent can be seen from c o n s id e ra tio n  o f th e  e f f e c t  of 
th e  co n stan t
1  ^where =   + Z i .
^ A I
F or a given c ro ss  s e c t io n a l  a re a , 'A® i t  i s  obvious th a t  w i l l
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in c re a se  w ith  in c re a se  i n  *1*, th e  modulus of r i g i d i t y  o f th e  s t ru c tu re ,  
and w ith  decrease in  y^^ ® th e  d is ta n c e  from th e  n e u tra l  a x is  to  th e  base  
o f th e  s t r u c tu r e , These d e s id e ra ta  can be achieved sim ultaneously  by 
th e  p ro v is io n  of te n s io n a l re in fo rcem en t as near ground le v e l  as p o ss ib le .
In  g en era l th e  w id th  o f th e  foundation  *W* w i l l  be a co n s tan t f o r  a 
g iven  s t r u c tu re .
R eduction o f  th e  v a lu e  o f ®R’ w i l l  cause in c re a se  in  «
T his red u c tio n  can be achieved by lay in g  th e  foundation  on a  smooth 
la y e r  o f a  m a te r ia l  w ith  low shear s tre n g th . Such a  procedure has 
been d esc rib ed  by Gibson |^ .1 5
1 . 3 CCMCLUSICNS
The forego ing  a n a ly s is  has been made on th e  b a s is  o f experim ents, 
w ith  co n cre te  s la b s , c a r r ie d  out a t  th e  Road R esearch Laboratory |l ,1 4 |<  
C e rta in  s im p lify in g  assm q)tions were made. In  order th a t  th e  v a l id i t y  
o f  th e  a n a ly s is  can be te s te d  f i e l d  t r i a l s  a re  n ecessa ry . The o b je c t 
o f th e se  t r i a l s  should be
a) to  determ ine th e  r e la t io n s h ip  between th e  fo rc e  R, 
tra n sm itte d  to  a  s t r u c tu r e  and th e  r e l a t i v e  displacem ent 
between ground and s t r u c tu re  fo r  d i f f e r e n t  types o f s o i l ,
b) to  determ ine th e  r e la t io n s h ip  between th e  bearing  p re ssu re  
and th e  fo rc e ,  R , tra n sm itte d  f o r  d i f f e r e n t  types o f  s o i l .
This in fo rm atio n  could  be obtained by la y in g  a s e r ie s  o f long .
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narrow s lab s  o f concre te  on ground which i s  to  undergo movement 
a r is in g  from mining o p era tio n s; measurements could be made o f ground 
s t r a in ,  s lab  s t r a i n  and r e la t iv e  h o riz o n ta l d isplacem ent between ground 
and s la b . By s i t in g  the  s la b s  c lo se  to g e th e r  and lay in g  them on 
d i f f e r e n t  types o f  underlay  th e  e f f e c t  o f  d i f f e r e n t  s o i l  ty p e s , fo r  a 
g iven  s e t  o f s t r a i n  co n d itio n s, could be in v e s tig a te d . Such f i e ld  t e s t s  
could no t be c a r r ie d  out as no s u i ta b le  s i t e s  could  be found.
S everal s i t e s  were made a v a ila b le  by th e  N ational Goal Board 
where e x is tin g  s tru c tu re s  were to  be undermined. Though th e re  was no t 
th e  v a r ia t io n  in  s o i l  type , foundation  type and s t ru c tu re  type  th a t  was 
d es ired  i t  was f e l t  th a t  v a lu ab le  in fo rm atio n  could be obtained by making 
measurements, a t  th e se  s i t e s ,  o f ground and s tru c tu re  movements. The 
work c a rr ie d  out on th e se  s i t e s  i s  th e  su b je c t o f S ections 2 , 3 and 4*
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S ec tio n  2 .1  CARDCWAN HOaSB 3ITB
A p la n  o f the s i t e  i s  shown in  Fig* 2*1.
When work eommenced in  October 1957 a face  in  th e  M e ik leh ill 
Wee Seam was being  worked in  a so u th  e a s te r ly  d ir e c t io n  under th e  
grounds in  f ro n t  of Gardowan House. The fo llow ing d a ta  r e l a t e  to  
th e  working
Width o f fa ce  500 f t
Thickness of e x tra c tio n  26 in .  -  29 in .
Dip 1 in  15 North e a s t
Depth o f Cover 1#300 f t
The ground in  f ro n t  of Gardowan House d ips in  a  so u th e rly  
d ir e c t io n  a t  about 1 in  12* The p lo t  marked 'A ' in  Fig* 2 .1  i s  
enclosed on the  south  and e a s t  by a  b r ic k  w a ll  which v a r ie s  in  h e ig h t 
between 5 and 10 f e e t ,  the  low est p o r tio n s  being  on the e a s te rn , 
i*e* th e  s lo p in g  side*
To determ ine i f  d i f f e r e n t i a l  v e r t i c a l  movement was tak in g  
p lace  between th e  ground and the  w a ll i t  was decided to  measure -
a) th e  change of slope of th e  w a ll  and ground w ith  tim e,
and b) th e  change of le v e l  o f th e  w a ll and ground w ith  time*
To determ ine i f  d i f f e r e n t i a l  h o r iz o n ta l movements were
occurring  in  th e  w all and ground i t  was decided to  measure -
a) change in  d is tan ce  between s ta t io n s  in  th e  w a ll,
5 7
5 7
51~ 11
y y 1
PIAIK 2.1. MAIL STATIOff.
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and b) change in  d is ta n c e  between s ta t io n s  in  th e  ground.
S ec tio n  2 .2  MEASURING STATIONS
2 .2 .1 .  Wall S ta tio n s .
D e ta ils  of th e  w a ll s ta t io n s  a re  shown in  P la te  2 .1 .  The 
s ta t io n s  were f ix e d  in  p repared  ho les in  th e  w a ll (w ith  th e  main and 
c ro ss  members h o r iz o n ta l)  by means o f nut«  ^ Oement g rou t was 
p laced  in  the  hole to  provide a f irm  anchorage. T h ir ty  two s ta t io n s  
in  a l l  were in s t a l l e d  a t  in te rv a ls  of approxim ately  12 f e e t .  The
c
spacing was d is ta te d  by th e  p resence o f s tren g th en in g  b u t ts  b u i l t  
a t  12 fo o t in te rv a ls  along th e  w a ll . The l6  s ta t io n s  on th e  south  
w a ll were in s ta l l e d  on a le v e l  course approxim ately  f e e t  above 
ground le v e l .  Those on th e  e a s t  w a ll  were in s t a l l e d  along a uniform  
grade a t  he ig h ts  varying  from 4 to  6 f e e t  above ground le v e l .
The t i l t i n g  of th e  w a ll was recorded  by measuring th e  changes 
in  in c l in a t io n  of th e  main and c ro ss  members of th e  s ta t io n s  using  
a  W atts' A djustab le Block L evel. By th i s  means th e  t i l t  p e rp en d icu la r 
and p a r a l l e l  to  th e  w a ll was found. P o s itiv e  lo c a tio n  o f the  b lock  
le v e l  was provided by a ta p e r  p in  s e t  in  each member.
To enable v e r t i c a l  movements o f th e  w a ll to  be d e tec ted , 
p re c ise  le v e l l in g  measurements were made w ith  th e  l e v e l l in g  s t a f f  
p laced  on th e  ta p e r  p in  in  th e  c ro ss  member o f a  w a ll  s t a t io n .
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2 .2 .2 .  Ground S ta t io n s .
The ground s ta t io n s  (se e  F ig . 2 .2 ) co n s is te d  of 3 f t  len g th s  
of ^  in .  bore m alleab le iro n  p ipe s e t  in  c o n c re te . The top end o f 
each was screwed in te rn a l ly  and e x te rn a l ly .  A b ra ss  plug w ith  a 
domed head and engraved c ro ss  was screwed in to  th e  in te r n a l  th rea d .
The o u ts id e  th re a d  was to  ta k e  a  de tach ab le , screw -on ex ten sio n  p ie c e . 
The s ta t io n  heads were s e t  below ground le v e l  and p ro te c ted  by c a s t  
iro n  d ra in  covers from a c c id e n ta l damage by an im als.
S ec tio n  2 .3  MASmiKG APPARATUS AUD TECHNIQUES
2 .3 .1 .  V e r t ic a l  Movements.
The appara tu s used f o r  the d e te c tio n  o f v e r t i c a l  movements 
was o f a  type p rev io u sly  used and d escribed  by o th e r workers in  th e  
f i e ld  o f subsidence re se a rc h . [2 .]Q  ; i t  comprised a p re c ise  le v e l  
(Oooke, Troughton & Simms S .$00 geodetic  le v e l)  and in v a r s t a f f .
The le v e l l in g  procedure which was evolved f o r  use on the 
s i t e  was as fo llow s
The ground s ta t io n s  were le v e l le d  and a l l  le v e ls  r e la te d  
to  s ta t io n  32 Cbround. S ix  instrum ent s e t t in g s  were req u ired  due 
t o  the  s lo p e  o f th e  ground and th e  presence o f  t r e e s .  The s t a f f  
was read  w ith  th e  le v e l  on both  face s  to  e lim in a te  co llim a tio n  e r ro r s ,  
and the mean v alue  c a lc u la te d . Fore s ig h ts  were made im m ediately 
fo llow ing  back s ig h ts  to  minim ise e r ro r  r e s u l t in g  from se ttlem en t
C ast Iro n  D rain Cover
Domed B rass Plug
o
1“ Dia 
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o f th e  instrum ente In te rm ed ia te  s ig h ts  were th en  made» The 
back s ig h t reading  was checked to  see i f  se ttlem en t had occurred .
Any e r ro r  noted was a l lo c a te d  p ro p o rtio n a te ly  to  a l l  in te rm ed ia te  
s ig h ts  on th e  assum ption th a t  se ttle m e n t had taken  p lace  a t  a  
uniform  r a te  w ith  tim e.
As a check th e  l in e  was r e le v e l le d  u sing  th e  same s ta t io n s  
as change points» No in te rm ed ia te  s ig h ts  were tak en . The mean 
value o f the  v e r t i c a l  d is ta n c e  between ad jac e n t change p o in ts  was 
th en  c a lc u la te d  and used in  th e  c a lc u la t io n  of reduced l e v e l s , 
provided th a t  the  two measured v alues o f a  v e r t i c a l  d is tan ce  d id  no t 
d i f f e r  by more than  2 /1 ,0 0 0  f t .  Where th e  d iscrepancy  was g re a te r  
th an  th i s  value, th e  v e r t i c a l  d is ta n c e  between th e  two s ta t io n s  was 
remeasured t i l l  two read in g s  were ob ta ined  which came w ith in  th e  
p resc rib ed  l im i t s .  Checking was done du ring  th e  second le v e l l in g  
so  th a t  d isc rep an c ies  would be d iscovered  in  th e  f i e ld  and any 
supplementary measurements made fo r th w ith .
The v e r t i c a l  d is ta n c e  between ground and w a ll s ta t io n s  was 
then  obtained by p o s it io n in g  th e  in strum en t so th a t  bo th  s ta t io n s  
could be le v e lle d  a t  th e  one s e t t in g .  When making measurements on 
w all s ta t io n s  th e  s t a f f  had to  be held  by th e  s t a f f  man w h ile  s i t t i n g  
on top of the  w a ll . As steady ing  p o les  could  no t be used in  t h i s  
p o s it io n  i t  was d i f f i c u l t  to  hold th e  s t a f f  s tead y  in  a w ind. In  
an  attem pt to  overcome th i s  d i f f i c u l t y  a  s h o r t s t a f f  was co n s tru c ted  
from a draughtsm an's s c a le  and f i t t e d  w ith  a s p i r i t  l e v e l .  On t e s t  
th e  sm all s t a f f  proved to  be more u n su ita b le  th an  th e  la rg e  on th e
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fo llow ing  coun ts.
(a )  The s t a f f  was d i f f i c u l t  to  read  due to  th e  f a in t  
g raduations and to  the  la ck  of l i g h t  in  th e  shadow 
o f th e  w a ll.
(b) The s t a f f  was d i f f i c u l t  to  hold  steady  w hile s tand ing  
on a la d d e r , a  procedure rendered  necessary  by th e  
h e ig h t of some o f th e  s ta t io n s .
(c) The r a te  o f measuring was slowed down s in ce  th e  le v e l  
had to  be moved and r e - s e t  f o r  every s ta t io n  on th e  
s lo p in g  e a s t  w a ll .
The measurements were th e re fo re  continued using th e  la rg e  
s t a f f ,  measuring being l im ite d  to  calm days.
The v e r t i c a l  d is ta n c e  between corresponding ground and w a ll 
s ta t io n s  was measured tw ice and th e  mean value  accepted , u n le ss  th e  
in d iv id u a l measurements d if fe re d  by more th a n  2 /1 ,000  f t .  In  such 
a c a se  fu r th e r  measurements were made.
A W atts' A d justab le  Block Level was used fo r  measuring th e  
in c l in a t io n  of th e  main and c ro ss  members o f w a ll  s t a t io n .  The 
in s tru n e n t i s  shown in  P la te  2 .2 a . The le v e l  has a  range from «=• 2® 
to  +3*^. The microm eter drum i s  graduated  in  degrees and m inutes, 
and th% bubble tube in  in te rv a ls  of 20 sec . ' .
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As s l ig h t  roughness on some of the  s ta t io n  members was causing 
damage to  the  machined fa c e s  of th e  V=-groove on the  le v e l ,  a  packing 
p iece  was co n stru c ted  (P la te  2 .2 b ) . The packing p iece  has a  machined 
7-groove to  f i t  over th e  s t a t io n  members and a f l a t  machined upper 
su rfa ce  w ith  a lo c a tin g  sp ig o t to  tak e  th e  b lock  le v e l .  One end of 
th e  packing p iece  was marked to  ensure th a t  th e  packing p iece  was 
always p resen ted  to  th e  measuring s ta t io n  c o r re c t ly  o r ie n te d . This 
p reca u tio n  was taken  to  allow  fo r  any la c k  of p a ra l le l is m  between th e  
upper and lower su rfa ce s  o f  th e  packing p iece  which would in tro d u ce  
an e r ro r  i f  th e  packing p iece  were tu rn ed  end fo r  end between two 
measurements on a s t a t i o n .  The packing p iece  was te s te d  fo r  p a r a l l e l ­
ism by making s e v e ra l measurements on a s ta t io n ,  tu rn in g  th e  packing 
p ie ce  through 160® between consecutive m easurements. I t  was found 
to  be p a r a l l e l  w ith in  th e  l im i ts  o f accuracy of th e  b lock  le v e l .
The measuring procedure w ith  th e  b lo ck  le v e l  was as 
fo llow s 8“
The packing p iece  was s e t  on a  s ta t io n  member w ith  th e  
marked end b u ttin g  a g a in s t  th e  ta p e r  p in . The b lock  le v e l  was 
p laced  Squarely  on to p  o f th e  packing p ie ce  and the c ro ss  le v e l  
bubble brought to  zero  by r o ta t in g  th e  assem bly about th e  member.
The micrometer drum was ro ta te d  to  b ring  th e  mstin bubble near 
th e  c e n tre  of i t s  ru n ; th e  micrometer was s e t  to  th e  n e a re s t 
m inute and th e  read ing  no ted ; both  ends of the main bubble were 
re a d , es tim a tin g  to  l / lQ th  o f a d iv is io n . The b lock  le v e l  was 
th en  tu rned  through 180® and the read ing  rep ea ted  to  allow  fo r
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th e  a x i s ’ of the  bubble being  no t p a r a l l e l  to  th e  base of th e  
l e v e l .  The mean of th e  two read ings of in c l in a t io n  was tak en  
as th e  in c l in a t io n  o f the  member.
2 ,3 ,3 ,  Measurement of H o rizo n ta l Movements.
The magnitude of th e  h o r iz o n ta l ground movement l ik e ly
to  occur in  th e  v ic in i ty  of th e  m easuring s ta t io n s  was estim ated  to  
be OmU m.m./m. te n s io n . This would cause an in c re a se  in  th e  d is tan ce  
between s ta t io n s  o f 0 ,06 in ch es . To measure th e  development o f such 
movements a  measuring device w ith  a  high degree o f accuracy  was 
re q u ire d . The measurement was rendered  d i f f i c u l t  by th e  fo llow ing  
f a c to r s .
( i )  W all s ta t io n s  were no t un iform ly  spaced (d is ta n c e  
between s ta t io n s  ranged from 11 f e e t  9 inches to  
12 f e e t  3 inches) nor were th ey  p a r a l l e l  to  each 
o th e r.
( i i )  Ground s ta t io n s  were of n e c e s s ity  below ground le v e l .
W,H, Ward [ 2 . ^  claim s an accuracy  o f -  0,001 inches on 
a  10 f t .  gauge le n g th  when using  a rod  f i t t e d  w ith  a  microm eter 
under steady  tem perature c o n d itio n s . S ince steady  tem perature 
could  not be expected a t  th e  s i t e ,  any d ev ice  s im ila r  to  th a t  used 
by Ward would re q u ire  to  be o f in v a r to  m inim ise e r ro r  in  th e  
a p p lic a tio n  of a c o r re c tio n  fo r  therm al e ^ a n s io n .  The use o f an
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in v a r  s t r i p  as a gauge le n g th , w ith  a  microm eter f o r  measuring 
len g th s  in  excess o f th e  gauge le n g th , was considered# The means 
of lo c a tin g  the ends of th e  measuring dev ice  on th e  s ta t io n s ,  e s p e c ia lly  
those  below ground le v e l ,  proved a d if f ic u l ty #  A fte r  u n su ccessfu l 
t r i a l s  w ith  m echanical means of lo c a tio n  i t  was decided to  t r y  to  
lo c a te  th e  ends by o p t ic a l  means -  using  o p t ic a l  plummets to  s e t  up 
over or under th e  s ta tio n #  Macca base l in e  measuring equipment 
(P la te  2 .3) was te s te d  to  f in d  i f  i t  could  be ap p lied  to  th e  job  in  
hand. The appara tus was s e t  up over th e  measuring s ta t io n s  then  
cen tred  over the s ta t io n s  u sing  th e  o p tic a l  plummets 'A*. The plummets 
were rep laced  by tap e  m icrom eters 'B ' and th e  d is ta n c e  between th e  
m easuring marks read  from th e  in v a r ta p e .
Measurement of the  d is ta n c e  between th e  ta p e  m icrom eters 
could be repea ted  to  w ith in  l / l0 ,0 0 0  f t  w h ile , w ith  replumbing between 
measurements, a  range of IC /lO ,000 f t  was o b ta ined . I t  was th u s 
obvious th a t  the main source o f e r ro r  la y  i n  th e  plumbing o p e ra tio n . 
S ince i t  was im possible to  modify th e  e x is t in g  s ta t io n s  to  p rov ide 
p o s i t iv e  lo c a tio n  fo r  th e  ta p e  m icrom eters i t  was decided th a t  o p tic a l  
plumbing be used fo r  measurements on th e  s i t e .  By th e  time th e  
necessary  equipment was d e liv e re d  by th e  m anufacturer ground movements 
on th e  s i t e  had v i r t u a l ly  ceased# No measurement of th e  h o r iz o n ta l 
movements in  the ground or w a ll  were made. With th e  absence o f such 
measurement th e  main o b jec t o f th e  t e s t  was l o s t .
I t  Was obvious from t r i a l s  w ith  the base  l in e  measuring 
equipment th a t  th e  techn ique was very  tim e consuming and re q u ire d  a t
PLATE 2.3. MACCA EQUIPMENT 
P a r ts  (a )  and (b) a re  in te rc h a n g e a b le
PLATE 2 .4 . S .500 GEODETIC LEVEL
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l e a s t  fou r men fo r  i t s  o p era tio n , a lso  th e  accuracy ob tained  was no t 
s u f f i c ie n t  to  j u s t i f y  th e  tim e and lab o u r expended. The 95^ confidence 
l im i t s  f o r  th e  mean o f th re e  measurements of the  d is tan ce  between ground 
s ta t io n s ,  ( th e  measuring heads being replumbed between each measure­
ment) was found to  be * 1 .5 /1 ,0 0 0  f t .  I t  was, however, apparen t 
t h a t  an in v a r ta p e , under standard  te n s io n  and used in  co n ju n c tio n  w ith  
ta p e  m icrom eters, was capable of g iv in g  a  measure of th e  d is ta n c e  
between two s ta t io n s  to  w ith in  l / l0 ,0 0 0  f t  provided th a t  a  p o s i t iv e  
means of lo c a tin g  the  m icrom eters on th e  s ta t io n  markers could be 
developed* This could be done in  th e  case  o f a  w a ll s t a t io n  by 
mounting a c lack in g  dev ice on the  w a ll; in  th e  case  o f  a  ground s ta t io n  
a co n cre te  beacon w ith  i t s  top  some inches above ground le v e l  would be 
requ ired*  Three d i f f i c u l t i e s  a re  a t  once ap p a ren t.
( 1) C ost, ( i n i t i a l  and replacem ent in  event of damage).
(2) The d i f f i c u l t y  o f fin d in g  a s i t e  where such f i t t i n g s
would not in te r f e r e  w ith  or be damaged by normal use 
of th e  land  or b u ild in g s .
(3) Measuring s ta t io n s  would be conspicuous and th e re fo re
l i a b le  to  m alic ious damage.
The f i r s t  d i f f i c u l ty  can be reduced by using  fewer measuring 
s ta t io n s  s e t  a t  g re a te r  d is tan ce s  a p a r t .  This would a ls o  reduce th e  
f r a c t io n a l  e r ro r  o f th e  measuring techn ique as th e  e r ro r  i n  read ing  
th e  tap e  i s  independent o f the  le n g th , long len g th s  thus g iv ing  
sm alle r f r a c t io n a l  e rro rs  th an  sh o rt ones. The use o f w idely  spaced
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s ta t io n s  i s  not p e rm iss ib le  when measuring over shallow  seams since  
under th e se  cond itions th e  magnitude of ground movements may change 
co n s id e rab ly  over a  com paratively  sh o rt d is ta n c e .
The d i f f i c u l t i e s  l i s t e d  as 2 and 3 were in  f a c t  th e  governing 
f a c to r s  in  th e  choice of th e  measuring techn ique which was evolved 
f o r  use on o ther s i t e s .
S ec tio n  2 .4  RESULTS
2 .A .I . V e r tic a l  Movements.
P eriod ic  measurements were made o f th e  d if fe re n c e  in  le v e l  
between
a) ground s ta t io n s ,  
and b) ad jacen t ground and w a ll s ta t io n .
The r e s u l t s  obtained a re  summarised in  Tables 2 .1  and 2 .2 .
From th e  d a ta  in  Table 2 .1  the  fo llow ing  were c a lc u la te d  -
Average t i l t  in  ground ad jacen t to  E ast Wall -  2 .3  sec .
Average t i l t  in  ground ad jacen t to  South Wall « 1 .5  se c .
The ground t i l t e d  uniform ly along th e  le n g th  o f each w a ll .  
Reference to  Table 2 .2  shows th a t  th e re  was no s ig n i f ic a n t  
d i f f e r e n t ia l  v e r t i c a l  movement of the ground and w a ll .
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2,A>2c Angixlar Movements,
The change in  in c l in a t io n  o f th e  main and cross members o f th e  
w a ll s ta t io n s  was measured. The d ata  ob ta ined  are  shown in  Tables 
2*3 and 2*4* The s ig n  convention adopted fo r  th e  angu lar movements 
i s  as  fo llow s 3-
Clockwise r o ta t io n  in  th e  p lane o f e i th e r  w a ll; viewed 
f t ‘om in s id e , i s  p o s i t iv e .
Movement outwards in  th e  plane a t  r ig h t  angles to  th e  
w a ll  i s  p o s i t iv e .
Graphs were drawn to  show how th e  movement o f th e  w a ll  v a r ie d  
w ith  tim e . F ig . 2 .3  shows th a t  movements o f  th e  c ro ss  members of 
th e  s ta t io n s  in  th e  sou th  weill were s im ila r  fo r  a l l  s ta t io n s  except 
s t a t io n  3» Movement a t  s ta t io n  3 was markedly in  excess o f th a t  a t  
o th e r s ta t io n s .  A d i f f e r e n t  p a t te rn  o f movement was shown by the  
s ta t io n  members a t  r ig h t  angles to  th e  w e ll (F ig . 2 .A). I t  w i l l  be 
seen th a t  in  th i s  case  th e  curves f a l l  in to  two groups corresponding 
to  th e  two p a r ts  o f th e  w a ll .  Movement a t  s ta t io n  3 was no t markedly 
d i f f e r e n t  from th a t  a t  o ther s ta t io n s  in  th e  same group. F ig . 2 .5  
a lso  shows th e  d if fe re n c e  in  movement o f th e  two sec tio n s  o f th e  sou th  
w a ll . The movements in  sec tio n s  9 to  l6  were uniform and comparable 
in  magnitude to  th e  ground movement; movements in  th e  o th e r se c tio n s  
were comparable w ith  ground movement a t  s ta t io n s  7 and 5; bu t were 
g r e a t ly  in  excess o f  ground movement a t  s ta t io n s  3 and 2 .  There were 
no n o tic e a b le  p e c u l ia r i t i e s  in  th e  ground or w a ll in  th e  v ic in i ty  of
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th e  l a t t e r  s ta t io n s .
F ig s . 2*6 and 2 .7  shew th e  movement o f th e  c ro ss  members and 
m ain members o f th e  s ta t io n s  on th e  s lo p in g  e a s t  w all* In  bo th  
f ig u re s  th e  curves f a l l  in to  groups according  to  t h e i r  shape* I t  
w i l l  be noted th a t  th e re  i s  a  v a r ia t io n  in  th e  magnitude of movement 
w ith in  each group. This i s  more c le a r ly  seen in  Fig* 2*8 which shews 
th e  t o t a l  angu lar movement which occurred a t  each s ta t io n  on th e  e a s t 
Wall* Movement over the c e n tre  s e c tio n  o f th e  w all was f a i r l y  uniform 
and only  s l i g h t ly  in  excess of ground movement * At th e  ends, movement 
was more e r r a t i c  and was much in  excess o f ground movement. I t  i s  
suggested  th a t  t h i s  was caused by a  leanr-to  garage backing on th e  w a ll 
between s ta t io n s  29 and 30, and by dead t r e e s  stan d in g  a g a in s t th e  
w a ll  between s ta t io n s  17 and 19* Another f a c to r  c o n tr ib u tin g  to  the  
e f f e c t  was th e  p resence o f  cracks which allow ed ad jacen t p a r ts  o f  th e  
w a ll to  move independen tly  o f  each o th e r .
Fig* 2 .9  was c o n s tru c ted  to  cougare th e  r a te  o f  development 
o f t i l t i n g  movements in  th e  ground and th e  w all*  Average v alues of 
t i l t  f o r  th e  ground and w a l l  were u sed . I t  can be seen th a t ,  e x c ^ t  
du ring  th e  p e rio d  from February t i l l  A p ril t i l t i n g  o f the  ground and 
w a ll  took p la ce  a t  th e  same r a t e .  In  th e  p erio d  February to  A p ril 
a  la rg e  in c re a se  in  th e  t i l t  o f th e  w a ll was recorded* This in c re a se  
can a ls o  be seen  in  F ig s . 2*3, 2*4, 2 .6  and 2 .7  where i t  w i l l  be
noted  th a t  th e  magnitude o f th e  change v a r ie s  from s ta t io n  to  s ta t io n .  
Movements during th e  p e rio d  in  a  g iv en  d ir e c t io n ,  e .g .  p a r a l l e l  to  
th e  w a ll , a re  in  th e  same d ir e c t io n  fo r  a l l  s ta t io n s *  Now i f  w eather
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had been the  main cause o f  th e  ra p id  change in  t i l t  i t  i s  probable 
th a t  changes in  e i th e r  d i r e c t io n  would have occurred . The ra p id  
change cannot, th e re fo re , be a t t r ib u te d  s o le ly  to  th e  e f f e c t  of 
w ea th er.
C O N C L U S I O N S
D if f e r e n t ia l  v e r t i c a l  displacem ent of th e  ground and w a ll, 
i f  such occurred , was n o t d e te c te d  by th e  m easuring procedure used 
in  th e  t e s t .
T i l t in g  movements were not uniform ly  d is t r ib u te d  along 
th e  le n g th  of th e  w a ll .  The v a r ia t io n s  i n  movement were a t t r ib u ta b le  
in  most cases to  th e  p resen ce  o f c racks o r o th e r d is c o n t in u i t ie s  in  
th e  w a ll .
Escept during th e  p e rio d  from February  to  A p ril th e  average 
t i l t  in  th e  ground and w a ll ,  i n  a g iven  tim e, were con^arable i n  
m agnitude. The reasons fo r  th e  la rg e  w a ll  movements during th e  
above p e rio d  a re  no t c le a r .
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S ection  3*1
3 .1 .1 . Workings.
DESCRIPTION OF SITE
The seam being worked in  th e  v ic in i ty  o f  th e  church a t  th e  
tim e of th e  in v e s t ig a t io n  was th e  Stoney Seam. D e ta ils  o f th e  seam 
and th e  workings under th e  church a re
Thickness of seam 
Depth of cover a t  church 
Width of face
26 in .  
550 f t .  
450 f t .
Pack D e ta ils
Main Gate r i s e  s id e  
Main Gate d ip  s id e  
T a il  Gate r i s e  s id e  
T a il  Gate d ip  s id e  
S tr ip  packs on face
20 f t .
15 f t .
12 f t .
30 f t .
8 f t .  a t  22 f t .  c e n tre s .
F igure  3 .1  shows
(a) th e  working in  th e  Stoney Seam
(b) th e  boundaries of old workings in  th e  th re e  seams ly in g  
w ith in  100 f e e t  above th e  Stoney Seam,
(c) th e  l im i t  o f advance in  the  Stoney Seam which was 
r i s in g  towards unconso lidated  d e p o s its .
O P  Q l . D  W O l Z K l l V q ^  :S>U Q \A /tvi T  K ÜJ& 
Bl  ^ î)lîüUl S^.AN/\*“* .
^«■ATERiC. S e Ah/I — — —— — —----
kiRK«ût» SeAk/i * -------- -
L i m i t  o f  F k c e  A ^ v A N cC
J M  S t T O M E v  S e & M
Dates on which measurements were made.
1 )  2 4 - 1 - 5 9  4 )  4 - 4 - 5 9
2 )  7 - 2 - 5 9  5 )  1 8 - 4 - 5 9
5 )  7 - 3 - 5 9  S )  1 6 - 5 - 5 9
7 )  1 3 - 6 - 5 9
8 )  2 7 - 6 - 5 9
DOUGLAS WATER SITE
FIG 3.1
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3 .1 .2 . B u ild in g s.
D e ta ils  o f th e  b u ild in g s  a re  shown in  F ig . 3*2. The sec tio n s  
A, B, C and D were b u i l t  over 100 years  ago and com prise th e  church, 
v e s try , k itc h e n  and manse re s p e c tiv e ly . The w a lls  of th e s e  b u ild in g s  
a re  about 2 f e e t  th ic k  and c o n s is t  of sandstone b locks, s e t  in  le v e l  
cou rses, backed by random ru b b le . Lime m ortar was used as th e  bonding 
ag en t. The w a lls  a re  b u i l t  on sandstone fo o tin g s  s e t  a t  a  depth  of 
1 fo o t on a hard packed sandy s o i l .
Church. The g a l le ry  shown in  F ig . 3 .2  i s  b u i l t  in to  th e  w a ll  
and supported a t  i t s  in s id e  edge by wooden beams s e t  on wooden p i l l a r s . 
The in te r i o r  f in i s h ,  on both  ground f lo o r  and g a l le ry ,  i s  wood 
p an e llin g  w ith  p la s te r  above. The c e i l in g  i s  of p la s te r  and i s  
w ithou t ornam entation; i t  i s  f l a t  over th e  c e n tre  p o r tio n  and slopes 
downwards a t  th e  p i tc h  o f the  ro o f  to  th e  ju n c tio n  w ith  th e  w a lls .
The v e s try , B, and th e  k itc h e n , G, a re  s in g le  s to re y  b u ild in g s  ; 
the  manse, D, i s  two s to re y .
The h a l l ,  E, i s  o f more re c e n t c o n s tru c tio n . I t  i s  a  s in g le  
s to re y  b r ic k  s t ru c tu re  b u i l t  on co n cre te  fo o tin g s  la id  a t  a  depth  of 
1 fo o t on a hard packed sandy s o i l .
A ll th e  b u ild in g s  had been damaged by p rev ious workings in  
th e  a re a . R ep a irs , m ostly in  th e  form of re p o in tin g  and p la s te r in g  
of open c rack s, had subsequently  been c a r r ie d  o u t.
U-,
Ü J
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3 ,1 .3 ,  G eneral.
When work commenced a t  th e  s i t e  some movement o f th e  b u ild in g s  
had taken  p la ce . Also^ th e  d is ta n c e  th e  face  had s t i l l  to  advance 
was lim ite d  to  about 500 f e e t  by  th e  presence o f unconso lidated  d e p o s its  
As th i s  d is ta n c e  was l e s s  than  th e  diam eter o f th e  a re a  o f in f lu e n c e  
o f a  su rface  p o in t (700 f e e t  in  th i s  case w ith  a 35^ angle o f draw) 
i t  was im possib le to  la y  out a l in e  of measuring s ta t io n s  which would 
undergo a com plete cy c le  of subsidence movement.
S ec tio n  3 .2  OBJECT OF INVESTIGATION
The o b jec ts  o f th e  in v e s t ig a t io n  were
(a) To determ ine th e  magnitude and d is t r ib u t io n  of 
ground movements in  th e  v ic in i ty  o f th e  b u ild in g s .
(b) To determ ine th e  magnitude and d is t r ib u t io n  of 
s t r u c tu r a l  movement and to  reco rd  th e  n a tu re  and 
e x ten t o f damage.
(c) To c o r r e la te  where p o ss ib le  th e  in fo rm ation  ob ta ined  
in  (a) and ( b ) ,
S ec tio n  3 .3  DESCRIPTION OF MBASI3RING STATIONS
3 .3 .1 , Ground S ta tio n s .
The s ta t io n  markers c o n s is t  of 3 f t ,  le n g th s  of m alleab le  iro n
S ect, 3 ) 3 2
pipe about 1 inch  in  diam eter which were hammered to  a  p o in t a t  
one end and f i t t e d  w ith  an anchor p la te  a t  th e  o th e r . The p ip e  was 
screwed in te r n a l ly  a t  th e  anchor p la te  end to  tak e  a b ra ss  so ck e t.
(See P la te  3*1} • The main member *A’ o f th e  s ta t io n  marker i s  
d riv en  in to  th e  ground befo re  th e  socket i s  screwed in to  p o s it io n .
A sp e c ia l  d r iv e  head w ith  wood in s e r t s  was used to  p reven t damage to  
th e  in te rn a l  th re a d . The s ta t io n  markers were in s e r te d  so th a t  th ey  
d id  no t p ro tru d e  above ground le v e l ,  to  minimise th e  r i s k  of damage to  
them by anim als or farm im plem ents. To enable l in e a r  measurements to  
be made, two ex ten sio n  p ieces *C* were prov ided . The ex tension  p ieces 
were a s l id in g  f i t  i n  sockets *B'. The ex tension  p ieces  were numbered 
to  a id  id e n t i f ic a t io n .  Both th e  ex tension  p ieces and th e  sockets  had 
lo c a tin g  marks sc rib e d  on them.
The d is ta n c e  between ad jacen t s ta t io n s  was measured Iqr means 
of an in v ar ta p e .
3 .3 .2 , Wall S ta t i  ons.
Tape S ta tio n s . C y lin d ric a l b ra ss  p lugs 1 inch  long  and inch  
diam eter were f ix e d  to  th e  w a ll by raw lb o lts  to  form s ta t io n  m arkers.
A f in e  l in e  was sc rib e d  on each p lug , a f t e r  f i t t i n g ,  to  form a  re fe ren ce  
mark fo r  l in e a r  measurements. The p lugs were s e t  in  p a i r s  24. f e e t  
a p a r t and th e  d is tan ce  between them measured by means o f an in v a r ta p e .
Micrometer S ta t io n s . The p lugs used were s im ila r  to  th o se  used fo r  
tap e  s ta t io n s  b u t, in  a d d itio n , were f i t t e d  w ith  a p in  to  provide
(A) (C) (B)
PLATE 3 . 1 .  GROUND STATION, EXTENSION PIECE & SOCKET,
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p o s i t iv e  lo c a tio n  fo r  th e  microm eter (See P la te  3*3*0). The plugs 
were in se r te d  in  p a ir s  15 inches a p a r t .  The d is ta n c e  between 
ad jace n t plugs was measured by means o f a m icrom eter.
S ec tio n  3*4 LAYODT OF MBASURING STATIONS
3*4*1* G eneral.
The s ta t io n  la y o u t was determ ined by th e  fa c to rs  d iscussed  in  
s e c tio n  3*1*3* S ta tio n s  in s e r te d  ad jacen t to  the  church would undergo 
only th a t  p a r t  o f th e  movement cyc le  which had no t tak en  p lace befo re  
th ey  were in s e r te d . To enable some assessm ent to  be made of th e  
magnitude o f th e  movement which had occurred near th e  church p r io r  
to  th e  in s e r t io n  of th e  s ta t io n s ,  a second s e r ie s  of s ta t io n s  was 
re q u ire d . This second s e r ie s  of s ta t io n s  was l a id  out in  th e  same 
p o s it io n  r e la t iv e  to  th e  face  as th e  f i r s t  s e r ie s ,  bu t in  a  p o s it io n  
in  advance o f th e  face  where no movements had occurred .
In  order to  o b ta in  th e  maximum p o ss ib le  in fo rm ation  about 
th e  magnitude and d ir e c t io n  of the h o r iz o n ta l ground movements th e  
s ta t io n s  in  th e  f i e ld  were in s t a l l e d  in  a t r ia n g u la r  p a t te rn  as 
recommended by King and Whetton [3 * 1 ^
Measurements o f h o r iz o n ta l movement only were made. V e r tic a l 
movements were no t measured because th e  n a tu re  o f th e  te r r a in ,  and 
th e  la ck  of a  s u i ta b le  s ta b le  bench mark, made le v e l l in g  d i f f i c u l t  
and tim e consuming.
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3 .4 .2 . S ta tio n s  A djacent to  th e  B u ild ings.
The s ta t io n s  were s e t  out to  form two bays A-B , and C-D 
(F ig . 3*3) o By m easuring the  change in  le n g th  o f th e se  bays from 
th e i r  le n g th  a t  th e  s t a r t  of the  t e s t ,  and applying a c o r re c tio n  fo r  
th e  movement which had occurred p r io r  to  th e  s t a r t ,  (ob ta ined  from 
th e  r e s u l t s  o f the  measurements on th e  f i e l d  l in e )  an e s tim a te  o f the  
maximum movements o ccu rring  near th e  w a ll was to  be made.
1 .4 .3 .  S ta tio n s  on B u ild in g s.
E and F were a p a i r  of ta p e  s ta t io n s  on th e  so u th  w a ll of 
th e  church.
to  Wg were micrometer s ta t io n s .
3 .4 .4 . S ta tio n s  i n  th e  F ie ld .
The s ta t io n s  were s e t  out in  a s taggered  l in e  to  form a number 
o f e q u i la te ra l  t r ia n g le s  w ith  s id e  of le n g th  24 f e e t .  The l in e  was 
s e t  out a t  r ig h t  ang les to  th e  g a te  roads in  the  Stoney Seam and 
extended from th e  r ib s id e  on th e  r i s e  s id e  to  th e  c e n tre  of th e  fa c e .
The change in  le n g th  o f the  s id e s  o f th e  t r ia n g le s  was measured 
and used to  compute th e  magnitude and d ir e c t io n  o f the  maximum change 
in  len g th . The Mohr c i r c l e  method used fo r  th i s  c a lc u la t io n  i s  
described  in  th e  R ef. ^3 . i j ,
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S ec tio n  3*5 MEAST3RING APPARATUS AND TECHNIQUES
3 .5 .1 .  Ground S ta t io n s .
The d is tan ce  between ad jacen t ground s ta t io n s  was measured 
by means of a 25 f t .  long in v ar s t e e l  tap e  graduated  in  f e e t ,  l /lO ^ ^  f t ,  
l/lO O  f t .  The tape  was suspended in  ca ten a ry  under a standard  
te n s io n  of 20 lb .  app lied  by means of s t r a in in g  frames o f th e  type
< .
shewn in  P la te  3*2.
The procedure fo r  measuring th e  d is ta n c e  between two s ta t io n s  
was as fo llow s s»
An ex tension  p iece  was f i t t e d  in to  th e  socket o f each s ta t io n  
and pushed f irm ly  home. (A reco rd  of th e  number o f th e  ex tension  
p ie ce  was made in  th e  f ie ld  book b esid e  th e  s ta t io n  w ith  which i t  was 
used so th a t  in  subsequent measurements th e  same ex ten sio n  p iece  could 
be used in  th e  same s ta t io n .  This was done to  minim ise e r ro r  a r is in g  
from th e  ex tension  p ieces being o f s l i g h t ly  d i f f e r e n t  d im ensions).
The index mark on each ex tension  p iece  was a lig n ed  w ith  th a t  on th e  
so ck et in  which i t  was used. (This procedure was to  prevent e r ro r  
r e s u l t in g  from e c c e n tr ic i ty  of th e  measuring mark on th e  ex tension  p iece) ♦ 
The s tr a in in g  frames were f ix e d  in  p o s it io n  by means of th e  
anchor pins^ th e  ta p e , sw ivels and sp rin g  balance were f i t t e d  as shown 
in  P la te  3*2. The tape was a lig n ed  over th e  measuring mark on bo th  
ex tension  p ieces by using th e  v e r t i c a l  and l a t e r a l  adjustm ent provided 
on th e  s t r a in in g  fram es. The tap e  was then  tensioned  by means of th e  
ad ju s tin g  screws t i l l  the  sp ring  balance r e g is te re d  20 lb .  V e r tic a l  
and l a t e r a l  adjustm ent was c a rr ie d  out i f  necessary .
PLATE 3 .2 . TAPE STRAINING FRAME
n
PLATE 3 .3 . MICROMETER. SETTING ROD & WALL PLUG
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Both ends o f th e  tap e  were read , es tim ating  to  one te n th  o f a 
d iv is io n  i . e .  to  l/lOOO f t .
The ta p e  was th en  moved by slacken ing  one a d ju s tin g  screw and 
tig h te n in g  th e  o th e r .
Both ends o f th e  ta p e  were read  ag a in .
This procedure was rep ea ted  t i l l  s ix  read ings of th e  len g th  had 
been o b ta in ed . The mean o f th e se  s ix  read in g s was then  accepted  as 
th e  measure of th e  d is tan ce  between th e  two s ta t io n s .  The a i r  
tem perature was read  on an encased thermometer suspended from th e  top  
member of one of the s t r a in in g  fram es.
The whole procedure was th en  rep ea ted  fo r  th e  o th e r s ta t io n s .
This measuring procedure was evolved a f t e r  o th e r methods o f 
measuring the  d is ta n c e  between s ta t io n s  had been t r i e d  and found 
u n s a tis fa c to ry . (See S ec tio n  2.3 .3  )• To determ ine th e  accuracy of 
th e  measuring techn ique th e  fo llow ing  t e s t  was c a r r ie d  o u t.
The d is ta n c e  between two ad jacen t s ta t io n s  in  th e  ground was 
measured as d esc rib ed  in  3*5 .1 . Twenty f iv e  measurements were made. 
A fter every f i f t h  measurement th e  ex tension  p ieces were removed and 
replaced* From th e  r e s u l t s  ob tained  th e  95? confidence l im its  o f 
the mean o f s ix  read in g s o f th e  le n g th  were found to  be t  l/lOOO f t .  
For th e  le n g th  of bay used, i . e .  24 f e e t ,  th i s  i s  eq u iv a len t to  l im i ts  
of 1 0.04 m.m./m.
The ta p e  used in  th e  f i e l d  was checked p e r io d ic a l ly  ag a in s t 
another in v a r ta p e  which was kep t as a s ta n d a rd . The s ta n d a rd isa tio n  
Was c a rr ie d  out using  th e  Macca Base Line Equipment described  in  S ec tio n
2 .3 .3 .
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3 .5 .2*  W all S ta tio n s  °  Tape.
The d is ta n c e  between s ta t io n s  ®E’ and on th e  w a ll o f th e  
church  was measured by means o f th e  in v ar s t e e l  tap e  suspended in  
c a te n a ry  between two sm all b rack e ts  f i t t e d  to  th e  w a ll outw ith th e  
gauge le n g th  d efin ed  by ®E® and *F*. A djusting  screw s, sw ivels and 
a  sp rin g  balance were used as b e fo re . The ta p e  was ad ju sted  fo r  
h e ig h t by moving th e  a d ju s tin g  screws in  v e r t i c a l  s lo t s  provided on 
th e  brackets*  S ix  read ings o f th e  d is ta n c e  between th e  s ta t io n s  were 
made and th e  mean accepted* The tem perature was read  and noted as 
b e fo re .
3 .5 .3 .  W all S ta tio n s  -  M icrom eter.
At s ta t io n s  to  th e  d is ta n c e  between th e  b ra ss  p lugs 
Was measured by means o f a s p e c ia l ly  co n s tru c ted  micrometer (P la te  3«3°A)" 
The micrometer i s  f i t t e d  w ith  a  v e rn ie r  to  read  to  l / l0 ,0 0 0  in .  and 
has a range from 14&- to  15& in c h e s . The measuring faces  of th e  
microm eter a re  s p h e r ic a l  to  ensure p o in t c o n ta c t . The device was used 
in  con junction  w ith  an in v a r s e t t in g  ro d . The s e t t in g  ro d  a c ts  as a 
s tandard  w ith  which a l l  measurements a re  con^)ared. This e lim in a tes  
e r ro r  caused by v a r ia t io n  in  th e  le n g th  o f th e  m icrom eter whether 
caused by rough handling or therm al expansion.
The measuring procedure was as fo llow s s -
The le n g th  o f th e  in v a r rod  was measured. To f a c i l i t a t e  t h i s ,
b ra s s  blocks (P la te  3*3,B) were used to  hold th e  m icrom eter and rod
Sect* 3)
in  th e  c o r re c t  r e l a t i v e  p o s i t io n . The micrometer was p laced  on th e  
m easuring p lugs and pushed a g a in s t the  lo c a tin g  p in s ; th e  d is tan ce  
between th e  p lugs was measured, read ing  to  th e  n e a re s t v e rn ie r  d iv is io n  
( 1/ 10,000 in* )o The m icrom eter was removed and rep laced ; th e  
d is ta n c e  was re»m easured. Three such measurements were made and th e  
mean no ted . The tem peratu re was read  from a thermometer p laced in  
c o n ta c t w ith  th e  w a ll; t h i s  was to  enable a  c o rre c tio n  fo r  th e  therm al 
expansion o f th e  w a ll t o  be a p p lie d .
To check th e  accuracy  o f th e  microm eter measuring technique 
a s e r ie s  o f 50 consecu tive  measurements was made on a  w a ll  s ta t io n .
The m icrom eter was removed a f t e r  each read ing  and rep laced  fo r  th e  
n e x t . A check measurement was made on th e  in v a r s e t t in g  rod  a f t e r  
every f i f t h  measurement on the  w a ll s t a t io n .  For a  s ig n if ic a n c e  le v e l  
o f 95? th e  confidence l im i t s  f o r  th e  mean o f th re e  measurements were 
found to  be * 4/lOpOQO in .  As the  tem perature read  on th e  thermometer 
may d i f f e r  from th e  t r u e  tem perature of th e  w aH  by an unknown amount 
i t  was f e l t  t h a t  th e  confidence l im i ts  used to  t e s t  th e  s ig n if ic a n c e  
o f recorded movements should be widened. A 5 degree d if fe re n c e  from 
th e  tru e  tem perature of th e  w a ll would cause an e r ro r  o f  5 /l0?000 in .
As such a teaçyerature e r ro r  i s  p o s s ib le  th e  confidence l im i ts  were s e t  
a t  t  I0 /l0 j,000  in .
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S e c tio n  3*6 RESULTS
3 ,6 .1 .  Générale
The p o s it io n s  of th e  face  on th e  d a tes  when measwements were 
made a re  shewn in  F ig . 3*1* I t  should he noted th a t  th e  r a te  o f face  
advance was much reduced from A p ril  onwards, th e  face being f in a l ly  
stopped on June 27th  1959» under th e  l in e  of f i e ld  s ta tio n s*  This 
stoppage prevented  th e  m easuring programme being c a rr ie d  through as 
p lanned, as th e  face  d id  no t advance as f a r  as had been an tic ip a ted *  
Measurements, however, were continued f o r  s ix  months a f t e r  th e  face  
had stopped . The r e s u l t s  obtained a re  shown in  Tables 3«lÿ 3*2 and
3 .3 .
3 .6 .2 .  F ie ld  S ta tio n s ,
Using the  d a ta  shown in  Table 3 .1  th e  magnitude and d ire c t io n  
o f the  p r in c ip a l  movements were c a lc u la te d  by th e  method g iven by 
King ^ 3 .1  J ,  and a re  shown in  Fig* 3*4.
I t  w in  be seen th a t  th e  maximum t e n s i l e  and com pressive 
movements occurred on bays 7=8 and 2=3 re sp e c tiv e ly *  Graphs were 
constru c ted  to  show th e  development of th ese  movements w ith  tim e 
(Fig* 3 .5 ) o M easurable movement i s  seen  to  have ceased approxim ately 
70 days a f te r  th e  face stopped under th e  l in e  of measuring s ta tio n s*
I t  should, however, be noted th a t  th e  r a t e  of face  advance was 
reduced in  th e  two months p r io r  to  th e  stoppage*
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3 .6 .3 .  S ta tio n s  on a rd , ad jacen t to .  Ghnrcho
F ig . 3 .6  was p lo t te d  from th e  d a ta  shown in  Table 3»2* to  show 
th e  r e l a t i v e  movement o f th e  chnrch and th e  ground ad jacen t to  i t .
Bay C-D i s  s i tu a te d  in  the  ground p a r a l l e l  and ad jace n t to  th e  
w a ll  co n ta in in g  bay y e t th e  w a ll showed n e g lig ib le  movement when 
compared w ith  th e  3 m.m./m. com pressive movement o f th e  ^ o u n d .
S lig h t  damage was ap p aren t on th e  o u ts id e  o f th e  w a ll in  th e  form  of 
d islo d g ed  p o in tin g  b u t th e  window openings showed l i t t l e  s ig n  of 
com pressive damage, A doorway a t  th e  end of th e  w a ll  in  question» 
however» showed co n s id e rab le  d is to r t io n  e s p e c ia lly  near th e  bottom . 
(P la te  3 .A )•
There was l i t t l e  n o tic e a b le  damage to  the  w est w a ll o f th e  
h a l l  though bay A-B ad jacen t to  i t  r e g is te r e d  c o n c e s s iv e  movement of 
1 .3  m.m./m.
Table 3*3 shows th e  r e s u l t s  ob tained  from th e  micrometer 
measurements. C o rrec tio n s to  allow  fo r  th e  therm al s c a n s io n  o f the 
masonry have been a p p lie d . I t  w i l l  be seen  tha t»  w ith  th e  l im i ts  o f 
e r ro r  a t  -  lO /lO »000 in .»  th e  movements a t  s ta t io n s
and Wg cannot be considered  s ig n i f ic a n t ;  the  movements a t  
s ta t io n s  and were s u f f i c ie n t ly  i n  excess of th e  l im i ts  o f 
e r ro r  to  be considered  s ig n i f ic a n t .  I t  should be noted  th a t  s ta t io n  
was s e t  up over a crack» w hile  a t  s t a t io n  Wg a c rack  appeared 
between th e  s ta t io n  markers during th e  course o f the  in v e s t ig a t io n .
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S ec tio n  3 .7  DAMGB TO THE BUIIDINGS
3 .7 ,1 .  T en sile  Phase.
The b u ild in g s  had been damaged by ground movements befo re  th e  
ob se rv a tio n s commencedo Cracks caused by previous workings had r e ­
opened as a r e s u l t  o f th e  cu rv a tu re  and te n s i l e  movements accompanying 
th e  i n i t i a l  phase o f th e  subsidence movements. T ypical cracks in  
ex is ten c e  when th e  t e s t s  commenced a re  shown in  P la te  3*5. A micrometer 
m easuring s ta t io n  ( Fig* 3°3) was in s t a l l e d  to  measure th e  movement
ac ro ss  a crack  in  th e  s i l l  o f one of th e  dow nstairs windows cn th e  
w est w a ll of th e  church » The movements recorded  are  shown in  F ig . 3 .7 . 
I t  w i l l  be noted th a t  th e  c rack  reached  i t s  ma-glmnTn w idth when th e  face  
was 60 f t  (0 .15 R) beyond th e  church . The crack  subsequen tly  closed  
w ith  th e  advent o f th e  com pressive phase o f movement.
3 .7 .2 o Compressive Phase.
The maximum h o r iz o n ta l movement, to  which the  b u ild in g s  were 
su b je c ted , was c o n tre s s iv e  in  n a tu re  and o f magnitude 3 m.m./m. This 
caused th e  w orst damage to  th e  b u ild in g s .
The damage which occurred during  th e  com pressive phase cem be 
c la s s i f ie d  under th re e  headings.
(a) Damage r e s u l t in g  from th e  in te r a c t io n  o f two w a lls .
(b) Damage caused by lozenging o f th e  s t ru c tu re .
(c) Damage r e s u l t in g  from th e  d isp lacem ent o f w a lls  r e la t iv e
to  a ro o f  or f lo o r  in  th e  p resence of a p lane o f weakness.
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The damage w i l l  th e re fo re  be d iscussed  under th e se  headings i -
Ao Damage r e s u l t in g  from th e  in te ra c t io n  of two w a lls  o This type 
o f damage was no t n o tic e a b le  in  th e  church, v e s try  and manse; 
th e  p laces  a t  which i t  occurred a re  shown thus @  e tc .
i n  Figo 3o2o
The in te ra c t io n  of th e  w a lls  o f th e  v e s try  w ith  th e  e a s t  w a ll 
o f th e  church ( @  ) caused th i s  w a ll  to  be d isp laced  inwards
lo c a l ly  w ith  co n s id e rab le  damage to  the in t e r io r  p la s te r  f in i s h .  
(P la te  3*6)o A s im ila r  e f f e c t  occurred in  th e  v e s try  a t  ©  
and in  the  manse a t  Had the church and v e s try  been b u i l t
se p a ra te  from th e  manse i t  i s  probable th a t  t h i s  damage would not 
have occurred* As i t  was, th e  d i f f e r e n t i a l  h o r iz o n ta l movement 
in  th e  ground, a c tin g  over th e  cum ulative le n g th  o f th e  church, 
v e s try  and manse, r e s u lte d  in  co n cen tra tio n  of s t r u c tu r a l  movement 
a t  weak p o in ts .
B. Damage caused bv lozenging o f th e  s t ru c tu re  was most n o tic ea b le  
in  th e  church where i t  was aggravated by th e  r i g i d i t y  of th e  
g a l le ry  o
The maximum movement to  which th e  church was su b jec ted  was 
com pressive in  n a tu re ; i t  took p la ce  in  a d ire c t io n  p a r a l l e l  to  
th e  fa ce , and to  th e  d iagonal from th e  n o rth  w est to  th e  south  
e a s t  corner o f  th e  church. The maximum d i f f e r e n t i a l  movement 
occurred, th e re fo re , between th e  p a r ts  o f th e  b u ild in g  which 
were fu r th e s t  a p a r t  when measured in  th e  d ir e c t io n  of maximum
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movement ( i . e .  between co rners and in  F ig . 3 «Sa.
This caused a deform ation  o f th e  s t r u c tu re ,  as shown in  F ig . 3»Ba, 
which r e s u l te d  in  crack ing  o f th e  in te r io r  p la s te r  work in  each 
of th e  fou r c o rn e rs . The s id e  p o rtio n s  o f th e  g a l le ry  moved 
w ith  th e  s id e  w a lls  of th e  church and p u lled  away f f ’om th e  end 
w a ll a t  and *E® (F ig . 3 .8)*  A la rg e  crack developed under 
th e  e a s t s id e  of the  g a l le ry  a t  i t s  ju n c tio n  w ith  th e  sou th  w a ll; 
maximum movement occurred a t  Tninimim a t  (P la te  3*7a ) .
A crack  in  a  s im ila r  p o s i t io n  on th e  w est s id e  showed maximum 
movement in  th e  co m er 'A®.
Damage to  th e  e x te r io r  o f th e  church a t  co m er was a lso  
c o n s is te n t w ith  th e  suggested  deform ation  of th e  church (P la te  
3*7b); r o ta t io n  of th e  w a lls  *AB® and ®AD® r e la t iv e  to  each 
o ther would produce th e  stepped e f f e c t  a t  th e  co rner s to n e s .
Co Damage r e s u l t in g  from th e  d isp lacem ent of w a lls  r e la t iv e  to  a 
ro o f  or f lo o r  in  th e  presence of a p lane o f weakness was most 
n o tic ea b le  in  th e  h a l l .  I t  w i l l  be seen from F ig . 3*9 and 
P la te  3 .8  th a t  movements took p la ce  along th re e  d i s t i n c t  p lan es ,
( i )  a t  th e  top  of windows,
( i i )  a t  th e  bottom of windows,
and ( i i i )  below f lo o r  le v e l  a t  the  damp course .
Movements a t  ( i )  and ( i i )  a re  a t t r ib u ta b le  to  th e  r e s is ta n c e
to  compression o ffe re d  by th e  ro o f .  This re s u lte d  in
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co n cen tra tio n  of movements below th e  ro o f along l in e s  o f 
weakness»
S im ila r ly  th e  s t i f f n e s s  o f th e  f lo o r  r e s u lte d  in  movement 
tak in g  p lace  along th e  damp course ( i i i ) .  D isplacem ent 
along th e  damp course  was g re a te s t  a t  th e  west end o f th e  
h a l l  and was no t apparen t halfway along the  len g th  o f th e  
h a l l .
Movement o f th e  w alls  r e la t iv e  to  th e  ro o f was app aren t 
a l l  round th e  in s id e  of the  church» This movement r e s u l te d  
in  th e  fo rm ation  of h o r iz o n ta l c racks a t  or near th e  c e ilin g -  
w all ju n c tio n . Displacements occurred in  th e  d ir e c t io n  of 
th e  le n g th  of th e  w a ll; maximum displacem ents occurred a t  
co rn e rs , minimum a t  the  cen tre  of each w a ll (P la te  3*#)*
Some 60 days a f t e r  th e  s t a r t  of th e  t e s t  th e  recorded  ground 
s t r a i n  ad jacen t to  th e  church was of th e  order o f 1 .5  m.m./m» 
com pressive. F a ir ly  ex ten siv e  cracking  o f in te r io r  p la s te r  woi'k 
had occurred; damage to  th e  h a l l  had occurred  along th e  th re e  p lanes 
of weakness a lread y  d iscu ssed ; re p o r ts  had been rece iv ed  th a t  doors 
in  th e  manse were jamming; d is to r t io n  of th e  doorway a t  th e  end o f 
th e  south  w a ll o f th e  church had occurred . According to  the  sc a le  
of damage re fe r re d  to  by Cbchard ^ 3 .2  J  th e  damage could be c la s s i f ie d  
as ap p rec iab le . The g r e a te s t  continuous len g th  o f s t ru c tu re  i s  about
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90 f t  (measured over th e  churchy v e s try  and manse). Data g iven  by 
Orchard show th a t  when a b u ild in g  o f le n g th  90 f t  i s  su b jec ted  to  
a s t r a i n  o f 1 .5  m.m./m. th e  damage to  be e j e c t e d  f a l l s  under th e  
* slight®  ca teg o ry . There i s  thus a d if fe re n c e  between th e  expected 
and reco rded  damage. The d if fe re n c e , however, i s  no t s ig n i f ic a n t  
when th e  f a c t  th a t  th e  b u ild in g s  had been cracked by p rev ious workings 
i s  taken  in to  c o n s id e ra tio n .
When th e  ground movements had a t ta in e d  t h e i r  maximum of 
3 m .m./m., com pressive, th e  damage to  th e  b u ild in g s  s t i l l  f e l l  under 
th e  'appreciable®  ca teg o ry . In  th i s  case good agreement i s  ob tained  
w ith  th e  p re d ic tio n  made from d a ta  given by Orchard ^3.2  ^ •
S ection  3 .8  CONOLUSIQWS
The stoppage of th e  face  under th e  measuring l i n e  p revented  
an o v e ra l l  p ic tu re  of th e  movements in  th e  v ic in i ty  of th e  church from 
being o b ta in ed . However, from the d a ta  obtained th e  fo llow ing  fa c to rs
1) The ta p e  measuring technique used on ground and w a ll s ta t io n s  
was s a t is f a c to ry ;  w ith  th e  25 f t  tap e  used i t  gave 95% 
confidence l im its  o f 1 O0O4 p a r ts  p e r thousand.
2) The measuring micrometer proved s u i ta b le  fo r  reco rd in g  
movement across c ra c k s . I t  was not s u f f i c ie n t ly  ac cu ra te
S ect. 3)
to  reco rd  movements on uncracked p o rtio n s  of masonry.
3) H o rizo n ta l movements continued to  develop a t  th e  su rfa c e  
over th e  co a l fa c e  fo r  some 70 days a f te r  th e  fa c e  had 
stopped,
4.) Movements in  th e  w alls  were g e n e ra lly  no t o f m easurable
m agnitude. Ground movements were accommodated in  openings 
or were concen tra ted  a t  c rac k s .
5) D if fe re n t lay o u ts  and methods of c o n s tru c tio n  o f th e  
b u ild in g s  gave r i s e  to  d i f f e r e n t  types o f damage; th e  
h a l l  was th e  l e a s t  damaged of th e  b u ild in g s  as a r e s u l t  o f some 
th e  ground movement being accommodated by s lip p in g  on th e  
damp course ; th e  w orst damage was caused in  th e  church, 
v e s try  and manse due to  th e  co n c en tra tio n  of the  movement over 
th e i r  combined len g th s  a t  a  few weak p o in ts .
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S ection  4 .1  DESCRIPTION OF SITE
L tl t lM  Geology^
The L i t t l e  S p lin t Seam as worked from Woolmet C o llie ry  i s  
approxim ately  3 f e e t  th ic k . In  th e  v i c in i ty  of Newton V illa g e  i t  
l i e s  a t  a  depth  of 400 f e e t  and d ips i n  an  e a s te r ly  d ir e c t io n  a t  
1 i n  2 0 o Bed-rock in  th e  a rea  i s  o v e r la in  by a la y e r  o f boulder 
c la y  15 f e e t  th ic k . The th ick n ess  of the  unconsolidated  la y e r  was 
determ ined by a seism ographic technique described  in  appendix 2#.
4 .1 .2 .  _ _ D e ta ils  o f  .Workings »
To minimise damage to  b u ild in g s  th e  L i t t l e  S p lin t Seam was 
worked under Newton V illag e  by a s e r ie s  o f stepped faces as  shown in  
F ig . 4 .1 .  The faces were approxim ately 350 f e e t  wide w ith  s te p s  of 
about 200 f e e t  between them» D e ta ils  o f th e  packing system used 
are
Road s id e  packs -  20 f t
Face packs -  l6  f t . ,  w ith  12 f t  dummy roads
between.
4 .1 .3 .  Newton V illa g e .
The b u ild in g s  in  the  v i l la g e  a re  b locks o f fo u r f l a t s .  The 
b locks a re  o f two ty p es, bo th  of conven tiona l b r ic k  c o n s tru c tio n  w ith  
an e x te r io r  f in i s h  of e i th e r  p la in  b r ic k  or ro u g h -cas t.
The w a ll surrounding th e  school i s  of b r ic k , 9 inches th ic k .
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5 to  6 f e e t  highp w ith  co n c re te  coping stones on top  (See P la te  4-2) » 
I t  r e s t s  on a  s t r i p  fo u n d a tio n  on a s t i f f  c la y  s o i l .
S ection  4-2 SCOPE CF INVESTIGATIQU
Stepped Face Layout.
The reasons fo r  adopting  a  stepped lay o u t were
(a) To reduce th e  magnitude o f the  ground movements and 
so le s s e n  th e  r i s k  of damage to  th e  b u ild in g s  in  th e  
v i l la g e .
(b) To provide in fo rm atio n  about th e  e f f ic a c y  o f th e  
stepped fa c e  method of work p r io r  to  i t s  being used 
in  the e x tra c t io n  o f co a l from under Newton Church.
A .2 .2 . The Test
To provide the  in fo rm atio n  req u ired  f o r  (b) a  number of 
measuring s ta tio n s  were in s t a l l e d  ( A to  X Fig* 4^.1) to  re co rd  
th e  magnitude of the h o r iz o n ta l and v e r t i c a l  movements caused by 
th e  working under Newton V illa g e .
The scope o f th e  in v e s t ig a t io n  was widened as fo llow s
(a) By no ting  th e  inc idence  of damage to  b u ild in g s  in  
th e  v i l la g e  an  a ttem p t was made
i )  to  determ ine which of th e  two types of b u ild in g
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in  th e  v i l la g e  was more l i a b le  to  damage^
i i )  to  determ ine th e  e f f e c t  of th e  o r ie n ta tio n  of b u ild in g s  
on th e  inc idence of damage, and 
i i i )  to  determ ine th e  e f f e c t  of th e  magnitude of ground 
movement on th e  inc idence  of damage.
(b) By measuring th e  movements in  th e  w a ll surrounding
th e  school^ and th e  movements in  the  ground ad jacen t to  
th e  w all, to  in v e s tig a te  th e  f a c to rs  governing th e  
tran sm iss io n  of movement from ground to  w a ll . For 
th i s  purpose two s e r ie s  of s ta t io n s  were e s ta b lish e d , 
one s e r ie s  in  the  w a ll th e  o ther in  the  ground ad jacen t 
to  i t .  (S ta tio n s  1 *» 19, F ig . 4*1).
S ec tio n  4-3 DESCRIPTIONS OF MEASURING STATIONS
A .3 .1 . Road S ta tio n s .
Domed headed s t e e l  b o lts  about 9 inches long were used as 
s ta t io n  markers a t  p o s itio n s  ®A® to  (F ig . 4»l)«  A measuring 
mark fo r  th e  l in e a r  measurements was made w ith  a  c e n tre  punch a f t e r  
th e  b o lts  had been d riv en  in to  the  g u tte r  a t  th e  s id e  of th e  ro ad .
A .3 .2 . Ground S ta tio n s .
The s ta t io n s  in  th e  ground ad jace n t to  th e  school w a ll,
( i . e .  s ta t io n s  1 to  19) and th e  ex ten sio n  p ieces  fo r  use w ith  them,
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were of th e  type  used a t  Douglas Water and described  in  S ec tio n  3.2.1. 
In  a d d itio n , a sh o r t ex ten sio n  p iece  was provided fo r  u se  during  
le v e l l in g .
A .3 .3 . Wall S ta tio n s .
The s ta t io n  m arkers in  th e  w all were constru c ted  from 0 . B.A. 
cheese headed b rass  b o l t s .  The b o l t  head was machined f l a t  and sc rib ed  
w ith  a  c ro s s . The markers were grouted  in to  holes d r i l l e d  in  the  w a ll.
S ec tio n  4 .4  MEASURING APPARATUS AND TECHNIQUES
A f 4 y l f , ....
The appara tu s used comprised a Cooke, Tr ought on & Simms,
S 500, geodetic  le v e l  and in v ar s t a f f .  (See 2 .3 .1 ) .  A ll s ta t io n s  
were le v e lle d  using  the  standard  procedure recommended by the  N ational 
Coal Board ^4«^  th e  le v e ls  being r e fe r re d  to  a s ta b le  bench mark 
a t  Woolmet C o llie ry .
A.A.2. Length Measurements on Road.
The appara tus and procedure used when measuring between ground 
s ta t io n s  'A ' to  *1  ^ was in  accordance w ith  N ational Coal Board 
recommendations ^ 4 . ] ]  • A 100 f t  s t e e l  ta p e  graduated  in  f e e t ,  
te n th s  and hundredths on one s id e , and in  m etres, cen tim etres  and
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m illim e tre s  on th e  o th e r, was used. The tap e  was s tre tc h e d  along 
th e  ground between s ta t io n s  under a te n s io n  o f 20 lb .  The te n s io n  
was ap p lied  by means o f s t r a in in g  p o les  and measured on a sp rin g  
b a lan ce . Both ends o f th e  ta p e  were read  sim ultaneously . S ix  
measurements of th e  le n g th  were made and th e  mean accepted  as th e  
le n g th  of th e  bay. In  o rder to  apply  a c o r re c t io n  fo r  th e  therm al 
expansion of th e  ta p e  th e  tem peratu re  was read  on a  thermometer 
a tta c h e d  to  th e  ta p e .
4 .4 .3 .  Length Measurements on Ground in  F ie ld .
The appara tus and techn ique used In  measuring th e  d is tan ce  
between s ta t io n s  in  th e  ground ad jacen t to  th e  school w a ll were 
id e n t ic a l  to  th o se  used a t  th e  Douglas Water s i t e  and d escribed  in  
S ec tio n  3.5*1.
4 .4 .4 .  Length Measurements on W all.
In  th e  l i g h t  of experience gained a t  the  Douglas Water S i te  
a  tap in g  technique was adopted fo r  measuring th e  change in  d is tan ce  
between s ta t io n  markers on th e  w a ll . The measuring technique was 
id e n t ic a l  to  th a t  used a t  Douglas W ater, The b ra c k e ts , between which 
th e  tap e  was suspended during  m easuring, were dem ountable. Each 
b rack e t was co m tru e ted  from a p iece  of s lo t te d  angle to  which was 
b o lte d  a  2 inch  p in  (See P la te  4*1) « During measuring th e  b rack e ts  
were f i t t e d  to  the  w a ll by in s e r t in g  th e  p in  in  a hole d r i l le d  in  th e  wall,
s ;Jr
PLATE 4.1. WALL STATION & STRAINING BRACKET
m
L
PLATE 4.2. DAMAGE DUE TO COMPRESSION
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S ec tio n  4*5 RESULTS
P erio d ic  measurements were made on s ta tio n s  *A* to  to  
determ ine th e  magnitude and d is t r ib u t io n  o f h o riz o n ta l and v e r t ic a l  
movement. The d a ta  ob tained ftom th e  le v e l l in g  were used to  c o n s tru c t 
th e  subsidence contour diagram shewn in  F ig . 4*2. This was done by- 
p lo t t in g  th e  measuring s ta t io n s  on a  sc a le  diagram in  t h e i r  c o r re c t 
p o s i t io n  r e la t iv e  to  the  face  on each of th e  d ates when measurements 
were made; i . e .  th e  subsidence measured a t  a  p o in t on a  p a r t ic u la r  
measuring day was p lo t te d  on th e  diagram a t  a  d is ta n ce  from th a t  
measured on the prev ious measuring day, equal to  th e  face  advance in  
th e  time between th e  two measurements. Such a procedure assumes th a t  
th e  r a t e  of development of su rface  movement i s  equal to  th e  r a te  of 
fa c e  advance. In  th e  l ig h t  o f e i^ e rim en ta l evidence obtained in
Y orkshire i t  was f e l t  th a t  th e  assum ption was j u s t i f i e d .
The d is tan ce  between each o f th e  face s  remained f a i r l y  co n s tan t through­
out th e  experim ent, except during th e  l a s t  th re e  months when s l ig h t  
changes took p lace  (F ig . 4*1) * These changes were neg lected  when 
showing th e  r e la t iv e  p o s i t io n  o f each face  in  F ig . 4*2.
I t  w i l l  be seen from F ig . 4*2 th a t  subsidence developed uniform ly 
over a l l  faces  to  a d is ta n c e  approxim ately  300 f e e t  behind th e  fa c e s .
At d is tan ces  in  excess of th i s  th re e  d i s t i n c t  zones developed ^  two 
reg io n s o f high subsidence sep ara ted  by a reg io n  where th e  f i n a l  
subsidence was l e s s .  Maximum subsidence occurred over th e  w aste of
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th e  second fa c e  from th s  e a s te rn  end o f th e  e ^ a v a t io n  where th e  
subsidence i s  some 15% g re a te r  th an  in  th e  corresponding zone over th e  
fo u r th  face* I t  was noted th a t  th e re  was a  v a r ia t io n  in  th e  th ick n ess  
of th e  seam along th e  l in e  of measuring s ta t io n s  which amounted to  
some 13% between faces  2 and 4® In  th e  l ig h t  of th is*  i t  i s  suggested 
th a t  th e  i r r e g u la r  p a t te rn  o f subsidence a t  a d is ta n c e  behind th e  face  
i s  due to  v a r ia t io n s  in  the th ick n ess  of e x tra c tio n  over th e  area*
On c o n s id e ra tio n  of th e  movements of s ta t io n  th e  s ta t io n  
a t  which maximum v e r t i c a l  movement occurred , the  foU cw ing fa c to rs  
emerge* The subsidence which occurred when the  face  was d i r e c t ly  
underneath  was 30% o f th e  f i n a l  subsidence a t  th a t  po in t*  At a 
d is ta n c e  o f 300 f e e t  behind the  face  9C% o f  th e  t o t a l  subsidence had 
taken  place* Maximum subsidence was no t a t ta in e d  u n t i l  th e  face  had 
advanced a fu r th e r  300 fee t*  This i s  in  accordance w ith  th e  find ings 
o f o th e r in v e s tig a to rs*  .
A comparison of th e  r e s u l t s  o f  l in e a r  measurements a t  s ta t io n s  
®A* to  ®I® w ith  th o se  a t  s ta t io n s  to  y ie ld ed  in fo rm ation  about 
th e  e f f e c t  o f th e  d is ta n c e  between face s  on th e  magnitude of ground 
s tra in *  S tra in  diagrams were co n s tru c ted  to  show the  development of 
movement in  th e se  two reg io n s (F ig s . 4*3 and 4*4)° F ig . 4*3 shows 
th e  development o f s t r a i n  over th e  ju n c tio n  o f two faces  sep ara ted  by 
a s te p  of 300 f e e t .  A maximum te n s io n  of about 2 m*m*/m. was recorded 
over th e  r ib - s id e  of th e  f i r s t  face  a t  a d is ta n c e  o f 150 f e e t  behind 
th e  face ; th e  corresponding com pressive s t r a i n  was 1 m.m./m. This 
com pressive s t r a in  occurred over th e  w aste o f  th e  f i r s t  face  and b u i l t
ü_
m
o «
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up to  a  maximum v a lu e  o f 2*3 m*m*/m« a t  a  d is ta n ce  ©f 350 f e e t  behind 
th e  face* W ith th e  passage o f th e  second face  under and beyond th e  
m easuring po in ts^  th e  peak values of s t r a i n  g rad u a lly  reduced* By 
com parison Fig* 4*4^shows th a t  th e  magnitude of th e  peak s t r a in s  over 
fa c e s  sep a ra ted  by 200 f e e t  was much l e s s .  In  t h i s  case  th e  maximum 
t e n s i l e  s t r a i n  was 0*5 m.m./m, and the  maximum com pressive 1 .5  m.m./m.
The magnitude o f s t r a i n  a t  a  d is tan ce  behind th e  face  i s  ccn^arab le  
w ith  th a t  shown in  a s im ila r  p o s it io n  in  Fig* 4*3*
Using th e  r e s u l t s  of measurements between s ta t io n s  *U*, and 
th e  magnitude and d ir e c t io n  of th e  p r in c ip a l  h o r iz o n ta l movements 
in  th e  v ic in i ty  o f th e se  s ta t io n s  was es tim a ted . These movements a re  
shown v e c to r ia l ly  i n  Fig* 4«5 in  th e  c o r re c t  r e l a t iv e  p o s i t io n  to  each 
o th e r and to  th e  fa c e . The movement was com pressive in  n a tu re
and ac ted  in  th e  d i r e c t io n  of maximum slo p e ; i t  occurred a t  a d is tan ce  
o f 150 f e e t  behind th e  fa c e . I t  i s  o f in t e r e s t  to  not© th a t  on th e  
day th i s  maximum movement of =*3 m.m./m. was recorded  th e  movements 
p a r a l l e l  and p e rp en d icu la r to  th e  face  were -^0,00 m.m./m. and -1 .60  m.m./m, 
r e s p e c tiv e ly . This shows c le a r ly  th e  e f f e c t  th a t  th e  d ir e c t io n  o f the 
measuring l in e  can have on th e  magnitude o f movement reco rded  and i s  
s trong  evidence in  favour o f the  use of a staggered  l in e  o f measuring 
s ta t io n s  (S ec tio n  3<>4.1.). At d is ta n c e s  g re a te r  th an  150 f e e t  behind 
th e  face  th e  com pressive movements p ro g re ss iv e ly  reduced in  magnitude 
to  a  l im it in g  v alue  a t  a  d is tan ce  o f 500 f e e t  behind th e  fa c e . The 
major movements th e re  took p lace  more or l e s s  in  th e  d ir e c t io n  of face  
advance and were approxim ately  3 tim es g re a te r  than  th e  Corresponding
IN. REP 2 MM/M.VECTOR SCALE
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minor movement. This i s  co n tra ry  to  th e  g en e ra l assum ption th a t  
a t  a d is ta n c e  behind a working face  th e  r e s id u a l  movements occur in  
a d ir e c t io n  p a r a l l e l  to  th e  fa c e .
Fig* 4*6 was drawn to  show th e  r e la t io n s h ip  between subsidence 
and h o r iz o n ta l movement in  two d ire c tio n s  a t  a  p o in t over th e  s tep  
between two faces*
Subsidence developed uniform ly as th e  two faces worked in  
sequence under th e  p o in t .  The bu ild -up  of t e n s i l e  movement^ 
p erp en d icu la r to  and in  f ro n t of th e  fa c e , was broken by two s tep s  
corresponding to  p erio d s when th e  r a t e  o f  face  advance was co n sid erab ly  
below norm al.  ^ Maximum te n s io n  was reco rded  a t  a  d is ta n c e  of 100 f e e t  
behind th e  f i r s t  f a c e . T h erea fte r th e  ex tension  in  th e  ground 
decreased  ra p id ly  and changed to  com pression as th e  second fa c e  moved 
under th e  measuring s ta t io n s .  Maximum com pression was reco rded  a t  a 
d is ta n c e  of 250 f e e t  behind th e  second* The com pression subsequently  
dropped o ff  r a p id ly  and reached a  l im it in g  value about 600 f e e t  
behind th e  second fa c e . I t  w i l l  be noted th a t  th e  peak v alues of 
te n s io n  and com pression took  p lace  where th e  cu rv a tu re  o f th e  v e r t ic a l  
movement p r o f i l e  was g r e a te s t .
Movement p a r a l l e l  to  th e  fa c e  was a t  a l l  tim es com pressive in  
n a tu re . The peak value  o f movement occurred  a t  a  d is ta n c e  of 100 f e e t  
behind th e  second face  i . e .  much e a r l i e r  th an  the  corresponding peak 
in  th e  movement a t  r ig h t  angles to  th e  fa c e .
The f in a l  movements, h o r iz o n ta l and v e r t i c a l ,  along th e  whole 
l in e  o f m easuring s ta t io n s  a re  shown in  Fig* 4*7* The peaks o f  th e
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h o r iz o n ta l  movement curve a re  c le a r ly  r e la te d  to  th e  p o s i t io n  of 
th e  g a te  roads in  the  seam and to  th e  cu rv a tu re  o f th e  v e r t i c a l  
movement p r o f i l e .  The g re a te s t  d if fe re n c e  between p o s i t iv e  and 
n eg a tiv e  peaks occurs between s ta t io n s  *E* and 'H ',  i . e .  where th e  
s te p  between th e  two faces was 300 f e e t .
The houses in  th e  v i l la g e  where damage occurred a re  shown in  
re d  i n  F ig . 4#1* There i s  no d e f in i t e  p a t te rn  in  th e  d is t r ib u t io n  
o f th e  damage and th e re  i s  in s u f f ic ie n t  evidence to  show w hether th e  
o r ie n ta t io n  o f th e  houses and d iffe re n c e s  in  th e i r  c o n s tru c tio n  bad 
any e f f e c t  on th e  inc idence  of damage.
4 .5 .2 .  Newton School W all.
The r e s u l t s  ob tained  from measurements on, and ad jacen t to , 
th e  w a ll a re  shown in  Tables 4*1 •
The v e r t i c a l  movement o f s ta t io n  r e la t iv e  to  s t a t io n  9 i s  
shown in  F ig . 4*8* The values p lo t te d  a re  th u s  measures of th e  slope  
between th e  two s ta t io n s ,  w hile  th e  g ra d ie n t o f  th e  curve i s  a  measure 
of th e  r a t e  of change of s lo p e . The g rad ie n t of th e  curve and the 
r a te  of change of s lo p e  in  th e  ground, were g re a te s t  during th e  p eriod  
from 200 to  250 days a f t e r  th e  s t a r t  of measurements. This was th e  
period  during which maximum te n s io n  was reco rded  a t  s ta t io n s  2 to  7 
(See F ig . 4*9)* There i s  a lso  a correspondence between th e  change in  
s ig n  of th e  g ra d ie n t of th e  slope curve w ith  th e  change fro m 'te n s io n  
to  com pression shown on th e  s t r a i n  curve (F ig . 4*9) * S im ila r re la tio n s h ip s
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between r a t e  o f change of slope and ground s t r a i n  a re  shown by th e  
r e s u l t s  obtained a t  s ta t io n s  9 to  19 (F ig s . 4-*H and 4*ol2).
Graphs were p lo t te d  to  show th e  development w ith  tim e of h o riz o n ta l 
movement in  th e  ground and w a ll (F ig s . 4*9 and 4*12). Wall measurements 
were commenced a t  a  l a t e r  d a te  than  ground measurements and were ad ju s ted  
to  allow  fo r  movement which occurred between th e  two s ta r t in g  d a te s .
F ig . 4*9 shows th e  h o r iz o n ta l movements a t  s ta t io n s  2 to  7 .
W all movement between s ta t io n s  6 and 7 was alm ost equal to  ground 
movement; between s ta t io n s  4 and 5 ground movement was g re a te r  than  
w a ll movement; between s ta t io n s  3 and 4 th e  re v e rse  was th e  ca se .
The w a ll movements were much n ea re r an average value than  were the  
ground. On average th e  sho rten ing  of th e  w a ll was le s s  th an  th a t  of th e  
ground. The displacem ent of th e  ground r e l a t iv e  to  s ta t io n  7 was 
g re a te r  th an  th e  corresponding displacem ent of th e  wallj, th e  d if fe re n c e  
being some 30#.
F ig . 4*12 shows th e  h o r iz o n ta l movements between s ta t io n s  
9 and 19. In  th re e  cases th e  ground movement was consid erab ly  in  
excess of w a ll movement (Bays 15=16g 13=14 and 9=10). In  th e  two 
cases where ground and w a ll movements were n e a rly  equal throughout th é  
measuring p e r io d g th e  w all between th e  measuring s ta t io n s  was cracked 
b efo re  th e  s t a r t  o f th e  t e s t  (11-12g 17 -18 ). In  t h i s  case  ground 
movement could be accommodated a t  th e  c rack s; w a ll movement was 
th e re fo re  equal to  ground movement. In  th e  o ther p a r ts  of th e  wallg 
which were w eathered b u t con tained  no cracks between measuring s ta t io n s  g 
compressive movement in  th e  ground was r e s i s t e d  by th e  Wall* As a
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r e s u l t ,  th e  recorded w a ll movement was co n sid erab ly  le s s  than  th e  
ground movement. A fter maximum compression was reached fu r th e r  ground 
and w a ll  movements were more or le s s  equal in  m agnitude. This suggests 
t h a t  though th e  w a ll o ffered  re s is ta n c e  to  com pressive movements i t  was 
unable to  w ith stand  ex ten sio n . Such behaviour i s  c o n s is te n t w ith  th e  
w eathered co n d itio n  of th e  m ortar.
F ig . 4*13 shows the  s t r a i n  and c a lc u la te d  displacem ent o f th e  
w a ll co n ta in in g  s ta t io n s  9 to  18 a t  th e  tim e o f maximum com pressive 
movement. I t  w i l l  be seen th a t ,  r e l a t iv e  to  s ta t io n  18, th e  ground was 
d isp laced  1 .5  inches fu r th e r  th an  th e  w a ll .  This compares w e ll w ith  
th e  observed displacem ent between th e  lower and upper p a r t  o f the  w a ll 
a t  s ta t io n  9 (See P la te  4*2).
F ig . 4*14 shows th e  s t r a i n  and c a lc u la te d  displacem ent of w a ll 9=18 
a t  th e  end o f th e  t e s t .  The d if fe re n c e  in  displacem ent in  t h i s  was o f 
th e  order o f 1
S ec tio n  4 .6  CQNCLUSiaTS
4 ,6 .1 .  Newton
The e f f ic ie n c y  of th e  stepped  face  la y o u t as a means of 
ground s t r a i n  was c le a r ly  dem onstrated by measurement and by th e  
th a t  r e l a t iv e l y  few houses in  th e  v i l la g e  su ffe re d  damage.
The g re a te r  red u c tio n  in  s t r a i n  occurred where th e  d is tan ce  
between consecu tive  working faces was 200 f t  ( ^  Depth o f  working)
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I t  i s  suggested th a t  th e  fa c e s , to  be worked under Newton Church, be 
spaced a t  In te rv a ls  of 200 f t .
The tap in g  technique proved a s a t i s f a c to r y  means of reco rd in g  
movements in  th e  w a ll surrounding th e  school» In  general, e x ten s io n a l 
movements of th e  ground and w a ll were of comparable magnitude* 
Ccm pressional movement r e s u l te d  in  r e l a t iv e  movement of th e  ground and 
th e  wall*
A .6 .2 . G eneral.
A summary of th e  f in d in g s  of th e  f i e l d  in v e s tig a tio n s  i s  g iven  
in  Table 4*2 •
Because of th e  very  n a tu re  of th e  problem any a n a ly s is , o f th e  
f a c to rs  in flu en c in g  th e  tran sm iss io n  of ground movements to  s t r u c tu re s ,  
must be made on a s t a t i s t i c a l  b a s is .  The r e s u l t s  ob tained , from th e  
work described  in  th e  previous se c tio n s , a re  in s u f f ic ie n t  in  them selves 
as a  b a s is  fo r  any such a n a ly s is  bu t a re  o ffe red  as a  c o n tr ib u tio n  towards 
th e  estab lishm ent of th e  necessary  mass o f  d a ta .
I t  i s  suggested th a t  no tes on th e  inc idence  of damage to  s tru c tu re s  
be kept and azq)lified  where p o ss ib le  by d e ta i l s  of
a) th e  magnitude and d ir e c t io n  of ground movement,
b) th e  magnitude and d is t r ib u t io n  of s t r u c tu re  movement,
c) th e  type  s tru c tu re ,
d) th e  type of foundation ,
e) th e  type  of s o i l .
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S ection  5- TESTS WITH SAND MODELS
5 .1 .  In tro d u c tio n .
A s e r ie s  of t e s t s  were c a rr ie d  out w ith  sand models in  an a ttenç jt 
to  determ ine i f  th e  s i m p l e  s o i l  mechanics th eo ry  d iscussed  in  
S ec tio n  1 .3 .2  i s  a p p lic a b le  in  th e  case of sand su b je c t to  l a t e r a l  
ex ten sio n .
5.2o Apparatuso
The sand model used in  th e  t e s t s  i s  shown in  P la te  5 .1 . Two 
sh e e ts  of p la te  g la ss  'A*, i  i n .  th ic k , a re  c a r r ie d  by th e  wooden end 
frames 'B*. The wooden se c tio n  " C f i t s  between th e  g la s s  p la te s  to  
form an open topped box o f dimensions IS  in# x  12 in# x  2 in .  One 
h a lf  o f th e  se c tio n  “C® i s  fix ed  to  an end frame *B®, th e  o th e r can 
r o ta te  about th e  hinge *D®. R o ta tio n  i s  c o n tro lle d  by means of the 
a d ju s tin g  screw mechanism “B®. S e lf  adhesive p la s t ic  foam s t r i p  was 
a ttac h ed  to  a l l  su rface s  o f se c tio n  ®C® in  co n tac t w ith  th e  g la ss  to  
a c t  as a s e a l .  The whole i s  f i t t e d  to  base board which i s  clamped 
to  a  ta b le  to p  during t e s t s .
Fixed to  th e  g la ss  on th e  f ro n t  of th e  box i s  a sh ee t o f perspex 
sc rib ed  with, a g r id  of l in e s .  The g r id  c o n s is ts  o f h o r iz o n ta l l in e s  
a t  1 in .  in te rv a ls  and v e r t i c a l  l in e s  a t  in te rv a ls  of 0.02 f e e t .  The 
g r id  i s  used in  measuring th e  h o r iz o n ta l and v e r t i c a l  movement o f 
sand in  th e  appara tu s when th e  base o f th e  box se c tio n  i s  ro ta te d .
%%
PLATE 5 . 1 .  MODEL AT START OF TBST.
n
PLATE 5 . 2 .  MODEL AFTER ROTATION OF BASE.
S ect.
5 . 3 .  Measurement o f Sand Movements
R eference p o in ts  w ith in  the  sand mass a re  necessary  fo r
measurement of movement in  th e  mass. I t  was obvious from earIIm ?
t e s t s  w ith  Sand models ^5»1 J  th a t  th e  use o f coloured sand g ra in s
as re fe re n c e  p o in ts  was not s a t is f a c to ry  due to  th e  f a c t  th a t  such
p o in ts  may become obscured when movement of th e  sand tak es p la c e .
R eference markers were th e re fo re  co n s tru c ted  from sm all p ieces  of
s t e e l  s t r i p  |r  in .  wide by in .  long which were bent a t  th e  c e n tre  to
an *L* shape. A cross was sc rib e d  on one of th e  o u ts id e  faces  o f
th e  L  o These markers were used s e t  in  th e  sand w ith  th e  c ro ss
a g a in s t th e  g la ss  s id e  o f th e  box.
The movement of th e se  re fe ren ce  p o in ts  was measured by means
of a Cooke, Tr ought on & Simms S. 500 Geodetic Level, w ith  p a r a l l e l
p la te  micrometer attachm ent, which was used in  con junction  w ith  th e
g r id  l in e s  a lread y  d esc rib ed . The p a r a l l e l  p la te  micrometer i s
designed to  measure d if fe re n c e s  in  le v e l  and i s  norm ally used w ith  an
in v a r le v e l l in g  s t a f f  g raduated  in  - i -  th s  f t .  R o ta tio n  o f th e
50
m icrometer drum causes an apparent tr a v e rs e  of th e  instrum ent c ro ss  h a ir s ,
one r o ta t io n  of the  drum, equ iv a len t to  20 drum d iv is io n s , r e s u l t in g  in
an apparen t movement of -i=. f t ,  th e  d is ta n c e  between g raduations on
50
th e  s t a f f ;  one drum d iv is io n  i s  th e re fo re  eq u iv a len t to  an apparent
movement of th e  cross h a irs  o f — f t .  To make use of th e  p a r a l le l
1000
p la te  microm eter f o r  th e  measurement of th e  h o r iz o n ta l movement of th e  
re fe ren ce  p o in ts  th e  le v e l  had to  be ro ta te d  about i t s  h o r iz o n ta l ax is  
through 90® and held  in  th a t  p o s it io n . Measurements were made r e la t iv e
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to  th e  v e r t i c a l  g r id  l in e s  which were spaced a t  in te rv a ls  of f t .  
Movements o f le s s  th an  in .  could be detected*
The p o s it io n  o f a  re fe re n ce  p o in t r e la t iv e  to  th e  h o r iz o n ta l 
g r id  l in e s  was found by measuring th e  ang le  subtended a t  th e  instrum ent 
by th e  re fe ren ce  p o in t and the  g rid  l in e  v e r t i c a l l y  above i t ,  and 
comparing i t  w ith  th e  ang le subtended by th e  h o riz o n ta l g r id  l in e s  
above and below th e  poin t*  Since th e  d is ta n c e  between g r id  l in e s  was 
known ( l  in . )  th e  d is ta n c e  of th e  p o in t from a l in e  could be ca lcu la ted , 
This procedure enabled v e r t i c a l  movements of le s s  th an  to  be
detected*
5.4* Test  Programme*
T ests were c a r r ie d  out using a coarse  g rained  q u artz  sand* The 
sand was of uniform g ra in  s iz e  and was used dry* T ests  on la y e rs  1^ in * , 
3 in * , and 6 in* th ic k  were c a rr ie d  out a t  two d i f f e r e n t  d e n s ity  s ta te s  « 
a) w ith  maximum compaction, b) placed as lo o se ly  as po ssib le*  These 
two s ta te s  were th e  only ones which could  be reproduced w ith  any degree 
o f consistency*
5*5* Test P rocedure.,
In  a l l  t e s t s  th e  sand box was se cu re ly  clamped to  a heavy wooden 
ta b le  a f te r  being s e t  le v e l  and plumb. The geodetic  le v e l  was s e t  up 
about 10 f e e t  from th e  f ro n t  face  of th e  box so th a t  i t s  l in e  o f s ig h t 
was c e n tra l  w ith , and p erp en d icu la r to ,  t h i s  face*
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In  th e  ease of t e s t s  w ith  sand a t  maximum compaction, th e  sand
was p laced  in  i  in .  la y e rs  to  the  re q u ired  dep th . Each la y e r  was
tho rough ly  taH5>ed b efo re  the  next la y e r  was f i l l e d  in .  The m etal 
re fe re n c e  p o in ts  were spaced in  a h o r iz o n ta l l in e  a t  in te rv a ls  o f 
approxim ately  0.06 f e e t ,  i . e .  opposite  every th i r d  v e r t i c a l  g r id  l in e  
n ea r th e  to p  o f the  f in a l  sand la y e r .  A th in  la y e r  o f sand (about ^  in . )
was p laced  on top  to  make th e  sand bed up to  th e  req u ired  dep th  and to
ensure  th a t  th e  re fe re n ce  p o in ts  were imbedded in  sand.
For th e  t e s t s  on lo o se  sand th e  la y e r  was b u i l t  up by d e liv e r in g  
sand to  th e  bottom of th e  box se c tio n  through a g la ss  tube which had a 
sm all b a f f le  p la te  a tta c h ed  a t  i t s  lower end; t h i s  prevented  compaction 
of low er la y e rs  of sand by th e  impact of upper la y e r s . No tamping was 
used . The re fe ren ce  p o in ts  were inc luded  as b e fo re .
S ec tio n  5*6,
The h o rizo n ta l and v e r t i c a l  movements measured in  a ty p ic a l  t e s t  
a re  shown in  F ig . 5*1 .; p o in ts  to  th e  l e f t  o f th e  c e n tre  l in e  re p re se n t 
th e  movement of sand over th a t  p a r t  o f th e  base which was r o ta te d .
W ithin a d is tan ce  of approxim ately 2 i n .  on e i th e r  s id e  of th e  cen tre  
l in e  l a t e r a l  ex tension  of the  sand took p lace  and was accompanied by a 
red u c tio n  in  the  depth  o f th e  sand la y e r .  At d is ta n c e s  g re a te r  than  
2 in* to  th e  r ig h t  of th e  cen tre  l in e  no movement was reco rded . W ithin 
th e  zone o f ex tension  th e  d ire c tio n  o f movement o f re fe re n c e  p o in ts  was 
more or le s s  uniform and was in c lin e d  to  th e  h o r iz o n ta l a t  approxim ately
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Allowance was made fo r  movements due to  r o ta t io n  o f th e  sand mass 
i n  co n s tru c tin g  F ig . 5 .2 . The v e r t i c a l  movement of each re fe re n c e  
p o in t  r e la t iv e  to  th e  base of th e  model, and I t s  h o r iz o n ta l movement 
r e l a t i v e  to  a l in e  p erp en d icu la r to  th e  base  through th e  i n i t i a l  p o s it io n  
o f  th e  p o in t a re  shown in  t h i s  f ig u re .  I t  w i l l  be seen  th a t  h o rizo n ta l 
and v e r t i c a l  movements a re  uniform ly d is t r ib u te d  on e i th e r  s id e  of the  
c e n tre  l in e  o f th e  model.
The r e s u l t s  obtained from t e s t s  c a r r ie d  out to  determ ine th e  
e f f e c t  of varying th e  degree of r o ta t io n  o f th e  base a re  shown in  
F ig . 5*3« The r e la t io n a h ip  between r o ta t io n  and maximum h o r iz o n ta l 
and v e r t i c a l  movement, which occurred on th e  c e n tre  l in e  o f th e  model, 
was found to  be l in e a r .
I t  was decided th a t  th e  r o ta t io n  o f th e  base  of th e  model in  
f u r th e r  t e s t s  be s tan d ard ised  a t  13°.
The v a r ia t io n  of h o r iz o n ta l and v e r t i c a l  movement w ith  depth  and 
w ith  th e  degree of compaction o f th e  sand i s  shown in  F ig . 5*4» The 
re la tio n a h ip  between h o riz o n ta l movement (ex tension) and dep th  i s  seen 
to  be l in e a r .  The e f f e c t  of th e  degree of compaction o f th e  sand seems 
to  have l i t t l e  e f f e c t  on th e  magnitude o f h o r iz o n ta l movement. This i s  
n o t the  case w ith  v e r t i c a l  movements, which a re  g re a te r  in  magnitude fo r  
lo o se  than fo r  compacted sand. There i s  an in d ic a t io n  th a t  th e  r a t e  o f 
in c re a se  of v e r t i c a l  movement w ith  depth  ten d s to  d im inish  as  th e  depth 
in c re a se s . I t  i s  suggested th a t  t h i s  i s  due to  arch ing  in  th e  upper 
la y e rs  o f deeper sand m asses.
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Fig# 5*5 was co n stru c ted  to  show th e  v a r ia t io n  of the  w idth  of 
th e  zone o f ex tension  w ith  depth o f sand# I t  w i l l  be n o ticed  th a t  
th e re  i s  an approxim ately l in e a r  r e la t io n s h ip .  P o in ts  ®1^  and *2® r e l a t e  
to  measurements in  th e  same la y e r  o f sand; ^2* i s  fo r  movements a t  th e  
su rfa c e  and "1' fo r  movements midway between th e  base  of th e  model and 
th e  su rfa c e . The l im i t  of movement °1° w ith in  th e  mass o f sand i s  no t 
markedly d i f f e r e n t  from th a t  a t  th e  su rfa ce  of a sand lawyer a t  a 
comparable d is tan ce  above th e  base# The curve shown in  Fig# 5*5 w i l l  
thus approxim ate to  th e  boundary o f th e  reg io n  w ith in  which e lo n g atio n  
takes place^ the  depth ax is  rep re se n tin g  th e  c e n tre  lin e#
In  a l l  t e s t s  i t  was noted th a t  th e  measured d ir e c t io n  o f movement 
of th e  sand over th e  p a r t  o f th e  base which was ro ta te d , and outw ith th e  
zone where e longation  of the  sand took p lace , was comparable w ith  th e  
d ire c t io n  of movement th a t  would be expected from c o n s id e ra tio n  o f th e  
magnitude of the  r o ta t io n  o f the  base# (See Fig# 5*1). W ithin th e  
^one of elongation^ however^ movement in  a l l  cases took p lace  in  a 
d ire c t io n  a t  4-0  ^ to  45® to  th e  h o riz o n ta l (Figs# 5*6, 5*7, and 5*8)*
From the  r e s u l t s  obtained th e re  seems to  be no d e fin ite  re la tio n sh ip  
between the  d ir e c t io n  of movement and depth  or degree o f compaction of 
th e  sand# As in d ic a ted  in  S ection  1.3*2 movement would be expected 
to  tak e  p lace  a t  an ang le  o f  45 ^  to  th e  v e r t i c a l ,  where ÿ i s
th e  ang le of in te rn a l  f r i c t i o n  o f th e  m a te r ia l .  For th e  m aterial 
used ^ i s  of the order o f 35°* I t  i s  obvious, th e re fo re , th a t  
movement in  th e  model took p lace  in  a d i r e c t io n  in c lin e d  to  th e  v e r t i c a l  
a t  an ang le g re a te r  than  would have been p re d ic te d  by th e  a p p lic a tio n
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of th e  theo ry  mentioned above» I t  i s  suggested th a t  t h i s  d iscrepancy  
was due to  th e  e f f e c t  o f arch ing  in  th e  sand mass which caused th e  
magnitude of the  v e r t i c a l  movements to  be reduced. The e f f e c t  of 
f r i c t i o n  between th e  sand and g la ss  can be neg lec ted  as h o rizo n ta l 
and v e r t i c a l  movements were of comparable magnitude.
S ec tio n  $ .7 . CONCLUSIONS
The r e s u l t s  obtained suggest th a t  th e  sim ple s o i l  mechanics 
th eo ry  i s  not a p p lic a b le  to  th e  p re d ic tio n  o f th e  movement p a t te rn  in  
a  sand mass su b jec t to  ex tension  under th e  co n d itio n s occurring  in  th e  
model; th i s  i s  due to  th e  e f fe c t  o f arch ing  in  th e  s o i l .  As the 
narrowness of th e  zone o f ex tension  may  ^ in  some measure^ have 
c o n trib u ted  to  th e  s e t t in g  up o f th e  a rch in g  e f f e c t ,  f u r th e r  t e s t s ,  
i n  which ex tension  i s  induced over a  w ider reg io n , a re  n ecessary .
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A P P E N D I X  I
The Measurement of S tra in  in  Ground and S tru c tu re s
Measurement o f Ground Movement
The m a jo rity  of workers in  subsidence re se a rch  have employed 
ta p in g  techn iques fo r  th e  measurement o f h o r iz o n ta l ground movement 
I^ A .l.lJ , some have used tacheom etric  techn iques | a«1 ,2 J  and more 
r e c e n tly  an in v a r measuring rod w ith  d ia l  gauge attachm ent has 
been used |a . 1.3J^. S ta tio n s  are  g e n e ra lly  in s ta l l e d  in  l in e s  
p a r a l l e l  or p e rp en d icu la r to  th e  d ir e c t io n  of face  advance. To 
o b ta in  more in fo rm ation  about th e  magnitude and d ir e c t io n  of 
h o r iz o n ta l ground movements, in v e s t ig a to r s  a t  Leeds U n iv e rs ity  [ a . I .A ^  
have made use of s ta t io n s  s e t  in  a t r ia n g u la r  p a t te rn .
I t  i s  claim ed [^A.1.5j th a t  using  a s t e e l  tape  w ith  a s tandard  
measuring procedure th e  measurement of th e  d is ta n c e  between two 
s ta t io n s  can be rep ea ted  to  g ive r e s u l t s  w ith in  1 m.m. of each o th e r. 
This measuring procedure has been used in  ob ta in ing  a la rg e  amount 
o f d a ta  r e la t in g  to  h o r iz o n ta l ground movements, and has proved 
in v a lu ab le  in  th e  study  of ground movement phenomena. However, 
in  using  such a  techn ique th e re  i s  a l i a b i l i t y  to  inc lude  an 
ap p rec iab le  e r ro r  in  the  a p p lic a tio n  o f a tem perature c o rre c tio n  due 
to  d i f f i c u l t y  in  determ ining a c c u ra te ly  th e  t ru e  te n p e ra tu re  of th e  
ta p e . Experiments j^A.1.6 j  have shown th a t  th e  le n g th  of a 
s te e l  ta p e , when suspended in  su n lig h t in  a l ig h t  b reeze , can
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f lu c tu a te  ra p id ly  over a range eq u iv a len t to  a  tenqperature change 
o f 18° F . To minimise e r ro r  a r is in g  ftom an in a b i l i t y  to  measure 
th e  ta p e  tem perature a c cu ra te ly , i t  i s  ad v isab le  to  use a tap e  made 
from a m a te r ia l  w ith  a  low c o e f f ic ie n t  o f therm al expansion. ( e ,g .  I n v a r ) .
I t  has been customary in  th e  p a s t  to  make measurements w ith  a 
tap e  s tre tc h e d  along th e  ground under standard  te n s io n . Such a 
procedure i s  l i a b l e  to  r e s u l t  in  e r ro r  i f  th e  ta p e  i s  d e f le c te d  by 
o b s tac le s  in  i t s  way, and th e re fo re  p rec ludes th e  use o f such a  techn ique 
on g ra s s - la n d . Because o f t h i s ,  i t  i s  considered th a t  measurement 
in  ca ten a ry  i s  a  more s a t is f a c to ry  p rocedure . However, i t  i s  e s s e n t ia l  
when measuring in  ca ten a ry  to  have th e  measuring p o in ts  above ground 
le v e l ,  or to  provide some means of ex ten sio n  on s ta t io n s  s e t  belcw ground 
l e v e l .  When ex tensions a re  used i t  i s  e s s e n t ia l  th a t  th ey  be kep t as 
sh o r t as p o ss ib le  to  minimise e r ro r .
For a g iven e r ro r  in  read ing  th e  ends o f th e  ta p e , th e  f r a c t io n a l  
e r ro r  of th e  measuring technique w i l l  be le s s  fo r  a long th an  fo r  a 
s h o r t ta p e . On th e  o ther hand, long tap es a re  more l i a b le  to  be 
a f fe c te d  by wind and by snagging on o b s ta c le s , when suspended in  ca ten a ry  
c lo se  to  th e  ground. Also where th e  magnitude o f th e  h o r iz o n ta l ground 
movement changes r a p id ly  w ith  d is ta n c e  i t  i s  d e s ira b le  to  keep th e  
s ta t io n s  as c lo se  as p o ss ib le  to  o b ta in  a  good p ic tu re  of th e  v a r ia t io n  
of movement. This i s  most im portan t when measuring over shallow seams 
and in  such cases would be th e  d e c is iv e  fa c to r  in  choosing the  s ta t io n  
spacing .
On balance i t  i s  f e l t  th a t  th e  advantage l i e s  in  using  a f a i r l y
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sh o r t s ta t io n  spacing , th is  being r e f le c te d  in  th e  a u th o r’s d ec is io n  
to  use a 25 f t  in v a r tape  and to  co n cen tra te  on th e  development of a 
measuring technique designed to  m inimise th e  e r ro r  in  read in g  th e  end 
o f th e  ta p e .
H orizon ta l Movement of a  S tru c tu re
A s tru c tu re  su b je c t to  ground movement w i l l  in  th e  i n i t i a l  
s tag es  be ab le  to  accommodate th e  movement by e l a s t i c  deform ation . 
However, a s tage  w i l l  be reached where fu r th e r  movement w i l l  cause 
c rack in g . The cracks w i l l  open and develop w ith  f u r th e r  in c re a se  
in  ground movement.
During the  i n i t i a l  e la s t i c  phase o f s t r u c tu r a l  movement 
se v e ra l methods o f measurement may be ap p lied , in c lu d in g  m echanical 
s t r a i n  gauges, e l e c t r i c a l  r e s is ta n c e  s t r a i n  gauges and a c o u s tic , or 
v ib ra tin g  w ire , s t r a i n  gauges j ^ . l . ^ .
The magnitude of movement which occurs in  a  s t r u c tu re  w i l l  
vary  from se c tio n  to  s e c tio n  b u t, i n  g en era l, w i l l  be d is t r ib u te d  
in  a  more or l e s s  r e g u la r  p a t te rn .  The d is t r ib u t io n  o f movement a t  
a p a r t ic u la r  s e c tio n  in  a  g iven s t r u c tu re  w i l l  be governed hy the  
homogeneity o f th e  m a te r ia l used in  i t s  c o n s tru c tio n . Thus th e  
d is t r ib u t io n  o f movement in  th e  s t e e l  frame of a  b u ild in g  w i l l  be more 
uniform than  th e  d i s t r ib u t io n  of movement in  th e  brickw ork o f th e  same 
b u ild in g . Thus w hile  a sh o r t gauge le n g th  d ev ice , such as an ac o u s tic  
gauge, may give u se fu l r e s u l t s  when used, on th e  s t e e l  frame work o f
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a  b u ild in g  th ey  would be q u ite  u n su ita b le  fo r  use on th e  brickw ork.
A measuring dev ice w ith  gauge le n g th  se v e ra l tim es th a t  o f th e  b rick s  
should be used to  o f f s e t  th e  e f f e c t  o f in d iv id u a l b r ic k s .  F u rth e r, 
when crack ing  o f th e  w a ll occurs, movement tends to  be co ncen tra ted  
a t  the  cracks so th a t  an e s s e n t ia l  requirem ent o f a m easuring device 
fo r  use on brickw ork i s  an a b i l i t y  to  accommodate such co n cen tra tio n s 
o f movement w ith o u t su s ta in in g  damage in  th e  process* As tap in g  
f u l f i l l s  th e  fo rego ing  requ irem en ts, w a ll movements were measured using 
a techn ique e s s e n t ia l ly  s im ila r  to  th a t  used in  th e  measurement o f 
ground movement.
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A P P E N D I X  2
The D eterm ination of th e  Thickness of U nconsolidated 
M a teria l a t  Newton V illag e
The techn ique of seism ic r e f r a c t io n  has been w idely used fo r  
th e  ex p lo ra tio n  o f su b -su rface  g eo lo g ica l form ations pl*2*3^ • 
G enera lly  th e  method used in  th e  mapping of deep form ations i s  th e  
measurement o f th e  tim e taken  by shock waves, genera ted  a t  th e  ’sho t 
p o in t ’ by th e  d e to n a tio n  of an exp losive charge, to  reach  each of a 
s e r ie s  of geophones s e t  a t  vary ing  d is tan ce s  from the  sho t p o in t.
In  th i s  case a s in g le  geophone was used w ith  m u ltip le  ’sho t p o in ts ’ , 
Shock waves were produced by s t r ik in g  a s t e e l  p la te  w ith  a heavy 
hammer; th e  hammer blow ac tu a ted  a sw itch which s e t  an e le c tro n ic  
tim ing  device in  o pera tion ; th e  tim ing device was sw itched o ff  by 
th e  f i r s t  a r r i v a l  of the  shock waves a t  th e  geophone. At the Newton 
V illag e  s i t e  a s e r ie s  of sho t p o in ts , a t  5 f t  in te rv a ls ,  were used 
on two l in e s  a t  r ig h t  angles to  each o ther » The r e s u l t s  obtained 
a re  shown in  F ig s . A,2 .1 , A and B. The r e s u l t s  shown r e l a t e  to  a 
th re e  la y e r  problem . I f  th e  base of th e  f i r s t  la y e r  i s  a t  a depth  
of E ^ft and of th e  second a t  D2 f t ,  and i f  th e  v e lo c ity  of sound in  
th e  la y e rs  i s  V^, V2 and f t / s e c ,  as shown in  F ig , A.2 .1 , th en  i t  
can be shown th a t
Kn / Vp — ViDl = ^  ' 2
72 + Vi
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Using th e  values of 7^^ V^, and ^  found from
th e  graphs» v a lu es  of and %  were c a lc u la te d  fo r  each of th e  
l i n e s •
Line f t / s e c . 72 f t / s e c . 73 f t / s e c . Di f t  . D2 f t
A 1176 2777 6110 4 .6 15.1
B 1132 2778 6000 5 .2 13.7
Prom th e  values of 7^ and 7g obtained i t  i s  obvious th a t  
la y e rs  1 and 2 comprise unconso lidated  sediments» probably  boulder 
c lay  |a »2*2J* The presence o f  boulder c lay  was confirmed by 
exposures in  an ad jacen t ploughed f ie ld *
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A P P E N D I X  3
P h o to -E la s tic  Experiments
A.3 .1 .  In tro d u c tio n
I t  was shown in  some of tk e  f i e ld  t e s t s  (S ec tio n  3 .7 ) th a t  
p a r t ic u la r  s t r u c tu r a l  fe a tu re s  c o n trib u te d  to  th e  n a tu re  and magnitude 
o f th e  damage caused by ground movement. I t  was f e l t  th a t  photo­
e l a s t i c  a n a ly s is  was a s u i ta b le  means to  study  th e  e f f e c t  o f the main 
s t r u c tu r a l  fea tu re s»  e .g .  doors» windows» floo rs»  ro o f  e tc .»  on th e  
d is t r ib u t io n  of s t r e s s  in  a  s t ru c tu re  su b jec ted  to  ground movemenfc • 
Damage r e s u l t in g  from d i f f e r e n t i a l  v e r t i c a l  ground movement 
i s  due to  deform ation  o f th e  s t r u c tu re  under th e  a c tio n  o f g ra v ity .
I f  th i s  e f f e c t  has to  be s tu d ied  by p h o to -e la s t ic  means a m a te r ia l i s  
re q u ire d  which w i l l  deform» and show s t r e s s  f r in g e s ,  under g ra v ity  
lo a d in g . Such a m a te r ia l  i s  g e la t in  which has been used in  th e  p a s t 
A 3.lt©  A3.7^ f o r  s tu d ie s  of th e  deform ation , under g ra v ity  load ing , 
of s tru c tu re s  and e a r th  w orks.
G e la tin  models a re  only s u i ta b le  f o r  th e  study  o f problems 
in  two dim ensions. Three dim ensional models a re  d e s ira b le , however, 
in  studying  th e  e f f e c t  o f h o r iz o n ta l ground movements on b u ild in g s . 
This i s  p a r t i c u la r ly  th e  case  in  considering  th e  e f f e c t  o f in te ra c t io n  
of w a lls , f lo o rs  » e t c . ,  and of th e  o r ie n ta t io n  of th e  s t r u c tu re  to  
th e  d ire c t io n  o f th e  maximum ground movement, on th e  d is t r ib u t io n  of 
s t r e s s  in  th e  s t r u c tu r e .
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The p h o to -e la s tic  exam ination of th re e  dim ensional models 
i s  b e s t  accom plished by the  use o f  th e  s t r e s s  fre e z in g  techn ique [a . 3*8 
and Ao3*9j - M ateria ls  f o r  use in  s t r e s s  fre ez in g  ( e .g .  'A ra ld ite  B* 
r e s i n )  a re  no t s u f f i c ie n t ly  s e n s i t iv e  fo r  use where g ra v ity  loads only 
a re  a c tin g . A compromise has, th e re fo re , t o  be made, th e  e f f e c t  of 
g ra v ity  load ing  being s tu d ie d  using  two dim ensional g e la t in  models, 
w h ile  th re e  dim ensional s tu d ie s  of com posite models a re  made using th e  
s t r e s s  fre e z in g  techn ique .
P re lim inary  t e s t  w ith  g e la t in  and ’“A ra ld ite  B* a re  d esc rib ed
I
in  th e  ensuing s e c tio n s .
A .3 .2 . The P h o to -E lastic  E f fe c t .
For normal inc idence  on a  f l a t  p la te  o f p h o to -e la s tic  m a te r ia l 
su b jec ted  to  p lane s t r e s s  th e  tran sm iss io n  of l ig h t  i s  determ ined by 
th e  fo llow ing  laws -
1) The l i g h t  i s  p o la riz ed  in  th e  d ire c tio n s  of th e  p r in c ip a l  
s t r e s s  axes and i s  tra n sm itte d  only on th e  p lanes of 
p r in c ip a l  s t r e s s .
2) The phase d if fe re n c e  between th e  two l i g h t  components i s  
p ro p o rtio n a l to  th e  d if fe re n c e  between th e  p r in c ip a l  s t r e s s e s .
This r e l a t iv e  r e ta rd a t io n  depends a ls o  on model th ic k n ess  and 
th e  s e n s i t iv i ty  of th e  m a te r ia l to  th e  p h o to -e la s tic  e f f e c t
R = C - |^ ( P - Q )     (A .3 .2 .1 )
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where R = r e l a t iv e  r e ta rd a t io n  in  in ch es.
C = co n stan t fo r  m a te r ia l (S tre s s  o p tic a l  c o e f f ic ie n t)  
t  “  th ic k n ess  of model in  inches 
P and Q -  p r in c ip a l  s t r e s s e s  ( ib /in P )
The r e l a t iv e  r e ta rd a t io n  between the  two phases can be 
s tu d ied  in  a  p o la r is e  ope where i t  i s  measured in  term s of th e  wave 
le n g th  of l i g h t  by counting th e  f r in g e s  produced by o p tic a l  in te r fe re n c e . 
I f  th e  order of the  in te r fe re n c e  f r in g e  produced i s  N then
“  R
where \  = wave le n g th  of l i g h t
and F ^  (A .3 .2 .2 )
N
where F «   ™ f r in g e  s t r e s s  c o e f f ic ie n t
G
A .3 .3 . G e la tin  Models.
A s e r ie s  o f t e s t s  was c a r r ie d  out to  develop a s u i ta b le  
c a s tin g  techn ique f o r  th e  p roduction  o f models and to  study  th e  
e f f e c t  o f v a r ia t io n  in  g e la t in  co n c en tra tio n  on i t s  o p tic a l  and photo­
e la s t ic  p ro p e r t ie s .
A .3 .3 .1 . Moulds were co n s tru c ted  as shown in  F ig . A .3 .1 . The 
dimensions of th e  mould were determ ined by th e  s iz e  of p o la risco p e  
a v a ila b le . The edges o f th e  ''perspex® frame “A® were machined to  
ensure a good f i t  when th e  g la s s  p la te s  ®B* were f i t t e d .  C lips ®G®
FIG A.3.1
,oc
B
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were used to  hold th e  assembly and w a te r- tig h tn e ss  was assu red  by 
se a lin g  th e  jo in t s  o f th e  mould w ith  m olten p a r a f f in  wax* This method 
of se a lin g  proved s a t i s f a c to ry  provided  th e  tem perature of th e  g e la t in  
so lu tion ,w hen  poured^was no t above 4-5  ^ G.
A*3*3*2* P rep ara tio n  o f th e  S o lu tio n  and C asting..T ech n iq u e  
The req u ired  q u a n tity  of g e la t in  powder was weighed in to  a beaker* 
Approximately 205^  of th e  volume o f w ater necessary  to  make a so lu tio n  
of th e  req u ired  co n cen tra tio n  was added to  th e  powdered g e la t in  and 
th e  m ixture l e f t  to  soak* Water a t  90® C was added in  s u f f ic ie n t  
volume to  make a  s o lu t io n  of th e  re q u ire d  s tren g th *  The m ixture 
was s t i r r e d  u n t i l  a l l  th e  g e la t in  had d isso lved^ then  allowed to  stan d  
to  l e t  en tra in ed  bubbles of a i r  come to  th e  surface* These bubbles 
formed a scum on th e  su rfa ce  o f th e  so lu t io n  which was c a re fu l ly  removed 
b e fo re  pouring* The so lu t io n  was allowed to  cool to  about 45^ G and 
th en  siphoned in to  th e  mould to  th e  req u ired  depth*
The mould had p rev io u sly  been p repared  as fo llo w s. The g la ss  
p la te s  were washed in  a d e te rg en t s o lu t io n , d r ied  and p o lish ed  using 
a c lean  dry d u s te r ; th e  p la te s  were f i t t e d  to  th e  “perspex® frame by 
means of c l ip s  and th e  mould se a led  by th e  a p p lic a tio n  o f molten 
p a r a f f in  wax to  th e  o u ts id e  j o in t s ;  th e  mould was th en  te s te d  fo r  
leak s by f i l l i n g  w ith  w ater which was poured out j u s t  b e fo re  th e  g e la t in  
s o lu t io n  was siphoned*
Some 24 hours a f t e r  c a s tin g  th e  g la s s  p la te s  were c a re fu l ly  
removed* I f  th e  c a s t  tended to  s t i c k  to  a  g la s s  p la te*  th e  p la te  was
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warmed on th e  o u ts id e  lay th e  a p p lic a tio n  o f a  c lo th  dipped in  warm 
water* The p la te s  were w etted  and rep laced .
A .3 .3 .3 . The T esting  Procedure was designed to  s tu d y  th e  e f f e c t  o f
v a r ia t io n  in  g e la t in  co n cen tra tio n  on
a) th e  o p tic a l  d e n s ity  of th e  c a s t  
and b) th e  p h o to .e la s t ic  p ro p e r tie s  of th e  c a s t .
An S*B«I. photom eter was used to  measure th e  b rig h tn e ss  o f an 
illu m in a ted  m att su rface  (c le an  w hite  b lo t t in g  paper) viewed through 
th e  mould empty and th en  co n ta in ing  th e  g e la t in  so lu tio n *  By comparing 
th e se  two r e s u l t s  a  measure o f  th e  o p tic a l  d e n s ity  of th e  g e la t in  c a s t  
was obtained*
To determ ine th e  f r in g e  s t r e s s  c o e f f ic ie n t  th e  procedure 
described  by Earquharson and Hejines j^A*3olj was used* A s t r i p  of 
m etal of w idth  0*5 in* which was a  s l id in g  f i t  between the  g la ss  p la te s  
was p laced  on th e  su rfa ce  of th e  g e la tin *  The s t r i p  was loaded by 
means of a  s l id in g  rod  topped w ith  a  load  pan . The model was examined 
in  a crossed  c i r c u la r  p o la risco p e  used w ith  monochromatic l i g h t .
Fig* A*3ol.B shows a  ty p ic a l  f r in g e  p a t te rn  obtained* I f  th e  p re ssu re  
exerted  on the  g e la t in  by th e  s t r i p  i s  Ib / in ^  then  th e  maximum 
shearing  re s is tan c e^  T^nax. a t  a p o in t v e r t i c a l l y  below th e  s t r i p  i s
* = B s in  ^  fA q 2
I „  _  „  I I  I I  . o o e . o o e o e . o . o e  \  A * ^  * ~  • ✓ /
mCUC o
where o( = ang le subtended by th e  s t r i p  a t  th e  p o in t
S3
whence F =
TTN.
where N = f r in g e  order a t  th e  p o in t .
A .3.3.A . The R esu lts  obtained a re  summarised on Table A .3 .1 .
I t  was found th a t  so lu tio n s  co n ta in in g  by w eight of 
g e la t in  powder were very  opaque due to  th e  presence o f trapped  a i r  
bubbles which could  not r i s e  to  th e  su rfa ce  due to  th e  h igh  v is c o s i ty .  
S o lu tions a t  t h i s  s tre n g th  s tu ck  f irm ly  to  th e  g la s s  p la te s  which 
could not be removed w ithout damage to  th e  c a s t .
S o lu tions co n ta in in g  5% and 1C% by w eight o f g e la t in  powder 
proved u n su itab le  due to  d i f f i c u l t y  in  removal of th e  g la ss  p la te s .
This r e s u l te d  from the  r e l a t iv e ly  low m echanical s tre n g th  of th e se  
g e ls  and from th e  f a c t  th a t  they  stu ck  ten ac io u s ly , a t  t h e i r  f re e  
upper su rfa ce , to  th e  g la ss  p la te s*
The g la s s  p la te s  were e a s i ly  removed from g e l c a s ts  con ta in ing  
2C35S and 30^ by w eight of g e la tin *  There was l i t t l e  d iffe re n ce  in  
th e  f r in g e  s t r e s s  c o e f f ic ie n t  in  th e  two cases*
A*3 *3*3 * C onclusions.
Due to  th e  low percentage of l i g h t  tra n sm itte d  through th e  
3(% s tre n g th  g e l , i t  i s  considered  th a t  th e  20^ g e l i s  th e  more s u i ta b le  
and i t  i s  suggested  th a t  th i s  s tre n g th  be used fo r  fu r th e r  te s ts *
l ..k A J k 3 .  A.3 .1 .
Gel S treng th
#age L ight 
T ransm itted
F ringe S tre ss  
Goaf, lb / i n .  
F ringe
Remarks
1 0 30 - P la te s  could not 
be removed from 
Mould
2 0 20 0,33
3 0 8 0.30
SUMMARY ce RESTJUS - GELATIN CASTS
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Ao3o4o T ests  w i th J A r a ld i te  BK
“A ra ld ite  B® i s  a  sy n th e tic  r e s in  s u i ta b le  fo r  p h o to -e la s tic  
work using  th e  s t r e s s  fre ez in g  techn ique .
T ests were c a rr ie d  out to  develop s u i ta b le  techniques fo r
a) th e  c a s tin g  o f ®Araldite B® in to  sh e e ts ,
b) th e  c u tt in g  and p re p a ra tio n  o f models from •A ra ld ite  B# 
sh e e ts ,
c) jo in in g  “A ra ld ite  B® sh e e ts ,
as a  p re lim in a ry  to  th e  c o n s tru c tio n  and te s t in g  of th re e  dim ensional 
models «
A.3 .4 .1 .  The Moulds used fo r  th e  p re p a ra tio n  o f ®Araldite B* in  
sh e e t form were made to  th e  design  shown in  F ig . A.3 .2 .  The mould i s  
co n s tru c ted  from ground f l a t  s t e e l  gauge s t r i p .  The th ick n ess  of 
sh e e t produced was v a r ie d  by using  spacing frames of d i f f e r e n t  th ick n ess  
The in s id e  su rfa ce  of each s id e  p la te  was p o lish ed  using  su ccess iv e ly  
f in e r  grades of emery c lo th  and f i n a l l y  m etal po lish*
The c o n s tru c tio n  and o p era tio n  o f th e  oven have been described  
by Alan A.3®9 j*  The oven i s  e l e c t r i c a l ly  heated  and th e  tem perature 
can be c o n tro lle d  au to m a tica lly  by means of a  Kelvin-Eughes C o n tro lle r  
a t  a  f ix ed  v a lu e  or in  accordance w ith  a  p r e - s e t  tim e tem perature c y c le .
FIG. A3
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A .3.A .3. Cagting Technique.
To p reven t th e  *A raldite B® s tic k in g  to  th e  s t e e l ,  th e  in s id e  
su rfaces  o f th e  mould were coated  w ith  "E e leas il 1 4 ' s i l ic o n e  grease* 
The mould was assem bled, using  paper gaskets smeared w ith  s i l ic o n e  
gresise, p laced  in  th e  oven and clamped in  a v e r t i c a l  p o s it io n ; i t  
was allow ed to  h ea t up w ith  th e  oven to  a  tem perature of 280^ G.
R e q u is ite  q u a n t i t ie s  of *A rald ite  B* and 'A ra ld ite*  Hardener 901 
(30 p a r ts  Hardener to  ICO p a r ts  ®Araldite B®) were weighed in to  
se p a ra te  beakers and p laced in  th e  oven to  m e lt. When m elted the  
Hardener was poured in to  th e  "A ra ld ite  B® and th e  m ixture thoroughly  
s t i r r e d ;  th e  m ix ture  was th en  poured in to  th e  mould* This was 
achieved, w ith o u t th e  removal of th e  mould or th e  beakers from th e  
oven, by th e  use o f  wooden tongs to  handle th e  beakers»
The temp m a tu re  was allowed to  f a l l  t o  220° C and m aintained 
a t  th a t  v a lu e  fo r  24 hours to  cure th e  r e s in .  The tim e-tem peratu re  
cyc le  mechanism was th en  sw itched on to  coo l th e  oven slow ly  to  room 
tem perature over a  p erio d  o f 24 h o u rs . When cold  th e  mould was 
dism antled and th e  ®Araldite® sh e e t removed.
In  i n i t i a l  t r i a l s  th e  ®Releasil 1 4 ' was ap p lied  to  th e  in s id e  
su rfaces of th e  mould, d isso lv ed  in  carbon te t r a c h lo r id e .  A ra ld ite  
sh ee ts  could e a s i ly  be removed from moulds p r ^ a r e d  in  th i s  way bu t 
se v e ra l o f th e  sh e e ts  obtained  were u se le ss  due to  ®locked=in' s t r e s s  
f r in g e s .  I t  i s  thought th a t  th e se  were caused by areas  o f  the  
A ra ld ite  sh e e t adhering  to  th e  mould in  th e  i n i t i a l  s tag es  o f s e t t in g .
A more e f f e c t iv e  lu b r ic a tin g  procedure was evolved to  prevent
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th e  occurrence o f th ese  ®locked«in® s t r e s s e s .  The 'R e le a s i l  14 ' 
was ap p lied  to  th e  su rfaces  of th e  s id e  p la te s  as b e fo re ; th e  s id e  
p la te s  were p laced  in  th e  oven and m aintained  a t  a  tem perature of 
280° 0 fo r  approxim ately  i  hour; th e  p la te s  were then  removed, 
allow ed to  cool and p o lish ed  w ith  a  c lean  dry  d u s te r  b efo re  th e  
mould was b u i l t  up. This procedure proved e f f e c t iv e  and enabled sheets 
to  be produced which were s t r e s s  f r e e ,  except in  lim ite d  a reas  a t  th e  
edges o f th e  sh e e t in  co n tac t w ith  th e  mould.
Attempts to  remove th e  ®locked«in® s tr e s s e s  by annealing  
proved u s e le s s ; th e  s t r e s s e s  were reduced in  in te n s i ty  b u t spread over 
g re a te r  a rea s  of th e  s h e e t.
The sh e e ts  produced were of uniform  th ic k n e ss ; th e  su rfaces  
were smooth bu t not h ig h ly  p o lish ed .
A.3 .4 .4 .  P rep a ra tio n  o f Models.
TWO techn iques were used fo r  th e  p re p a ra tio n  of m odels.
The f i r s t  procedure was to  cu t models a c c u ra te ly  to  s iz e  by 
means o f a pantograph engraving machine. A sharp to o l  i s  e s s e n t ia l .  
L ight cu ts  and a slow stead y  feed  were u sed . Care was necessary  a t  
co rners to  p reven t machinery s t r e s s e s ,  which occurred i f  th e  to o l  was 
allow ed to  ®dwell®.
A lte rn a tiv e ly  th e  model could be cu t ^  in .  o v ersize  using  a  
hacksaw and f in ish e d  to  s iz e  in  a m illin g  machine. An en d -m illin g  
c u t te r  was used; l i g h t  cu ts  and a  slow s tead y  feed  a re  e s s e n t ia l .
The f i r s t  techn ique i s  th e  more g e n e ra lly  ap p lic a b le  o f th e  two.
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I t  can be used to  machine any shape by th e  use of a s u i ta b le  tem plet* 
Sharper in te rn a l  corners can be machined due to  th e  sm all diam eter of 
th e  c u t te r  (0 .1  i n . ) .
A .3 .4 .5 . T esting  Frocedureo
S tr ip s  of A ra ld ite  were te s te d  in  pure bending and examined in  
a  c rossed  c i r c u la r  p o la risco p e  to  determ ine th e  f r in g e  s t r e s s  c o e ff ic ie n t*  
F rin g e  s t r e s s  c o e f f ic ie n ts  vary ing  from 52 l b / i n .  f r in g e  t o  59 lb / i n .  
f r in g e  were o b ta ined .
A t e s t  was c a r r ie d  out to  s tudy  th e  e f f e c t  of jo in in g  two p ieces 
o f ®Araldite B" sh ee t w ith  “Araldite® Adhesive, A s t r i p  o f “A ra ld ite  B* 
sh ee t was c a re fu l ly  c u t in  two using  a hacksaw* Both p ieces  were 
examined in  a p o la risco p e  to  check th a t  s t r e s s e s  had not been induced 
by th e  cu ttin g *  The m ating edges were cleaned w ith  carbon te tra c h lo r id e ;  
o th e r su rfa ce s  were coated w ith  “R e le a s i l  14®. “A rald ite*  Adhesive 
was mixed and ap p lied  to  th e  jo in t  faces* The jo in t  was made and th e  
job  supported on a sh e e t o f p la te  g la ss  coated  w ith  “R e le a s i l  14®. The 
j o in t  was l e f t  to  cu re  fo r  4 days a f t e r  which th e  A ra ld ite  sh e e t was 
c leaned  o f “R e le a s il  14® and excess adhesive, and examined in  a po lariscope- 
The jo in t  showed up black* No s t r e s s e s  had been s e t  up by th e  jo in t in g  
procedure* On t e s t  under load  th e re  was no d is c o n tin u ity  in  th e  f r in g e s  
ac ro ss  th e  jo in t*
8 8
A.3 .4 .6*  Conclusions»
S tre s s  f r e e  sh e e ts  of “A ra ld ite  B® can be produced by th e  method 
d escrib ed  in  p rev ious s e c tio n s .
The most g e n e ra lly  u se fu l method of c u ttin g  models to  s iz e  i s  
th e  use of a  pantograph engraving m achine.
“Araldite®  Adhesive i s  a s u i ta b le  m a te r ia l  fo r  making jo in ts  in  
th e  c o n s tru c tio n  o f com posite models*
REFBRMCES
A.3.1* Farquharson, F .B . **G e la tin  Models f o r  Photo- 
e l a s t i c  A nalysis of S tre s s  in  
E arth  Masses**,
C iv i l  E ngineering 10th  A p ril
1940
A*3*2a Krynine, D*P. ““P h o to -e la s t ic i ty  in  Foundation 
Studies**
Proceedings 14 th  Semi Annual 
E aste rn  P h o to -e la s t ic i ty  
Conference 1941
A.3*3. P o liv k a , J .J* ““A nalysis o f G rav ity  Load S tre sse s  
by P h o to -e la s tic  Methods““
Proceedings l6 th  Semi Annual 
E aste rn  P h o to -e la s t ic i ty  
Conference 1942
A.3*4* Ek Khoo Tan ““S ta b i l i ty  of S o il  Slopes**
Proceedings American S o c ie ty  of 
C iv i l  E ng ineers. V ol. 73 N o.l
Jan . 1947
89
A.3 .5 . P h ilip p e , R.R.
and M ellunger, P.M,
"A Study o f P h o to -e la s tic  Models 
of Foundations”
Proceedings Second In te rn a tio n a l 
Conference on S o il  Mechanics and 
Foundation Engineering Vol. 5
1948
A o3 * 6 "Use of G e la tin  in  P h o to -e la s tic  
A nalysis of a G rav ity  Dam"
E ngineering Jo u rn a l V ol. 36 
No.11. November 1953
A.3»7. C risp , D.C, "The Use of G e la tin  Models in  
S tru c tu ra l  A nalysis"
I n s t i tu t io n  o f M echanical Engineers
1953
A.3o8o F rockt "P h o to -e la s tic i ty "
V ols, 1 and 2 
In c .
John Wiley & Sons 
1948
A.3@9@ Alan, W. J « "The Photo E la s t ic  S tre s s  F reezing  
Technique"
A.R.O.S.T. Thesis 1957 Royal 
C ollege o f Science and Technology, 
Depto of M echanical C iv il  and 
Chemical E ngineering, Book No. T» 
581»
90
B I B L I O G R A P H Y
MEASURING TECHNIQUES
1 . CARMICHAEL, A .J. "Experim ental S tre ss  Techniques" 
Commonwealth Engr* V ol. 44 
No.2. S ep t. 1. 1956
CLBNDINNING, J . "E ffe c t of Temperature on F ie ld  
Measurements"
Conference o f Empire Survey O fficers  
H.MoS*a C o lo n ia l N oo lll 1935
3 . COOLING and WARD "Measurement o f Loads and S tra in s  
in  E arth  Supporting S tru c tu re s"  
P roceedings, 3 rd  In te rn a tio n a l  
Conference on S o il  Mechanics and 
Foundation E ngineering.
Vol. 2 p .162 1953
4o FLASGHENTRAGBR, H< "In v e s tig a tio n s  of Subsidence 
Phenomena"
N atio n a l Coal Board T ra n s la tio n  
A.583/FWH.
5o JACKSON, J .E , "Notes on Some Experiments w ith  
Thermometers and S te e l  Tapes" 
Conference of Empire Survey O ffice rs  
p p .317-325 H.M.S.Oo C o lo n ia l N o .I l l
1935
6 . MCEICB, P.B. and BASE, G.D "The Design and Use of Demountable 
M echanical S tra in  Gauges fo r  Concrete 
S tru c tu re s"
Magazine o f Concrete Research No.13
Aug. 1953
7. NOLTINGLB, B.E. "H isto ry  o f E le c t r ic a l  Devices fo r  
Measuring S tra in s  and Small Move­
ments"
Jo u rn a l o f S c ie n t i f ic  Instrum ents 
Vol. 32 No.5 May 1955
91
8 . PREÏÏTIS, J.M. "Combined S tra in  and C urvature 
Gauge fo r  Use in  T esting  Concrete" 
Jo u rn a l o f S c ie n t i f ic  Instrum ents 
Vol. 32 N o.l Jan . 1955
9 . SHIPP, McLDRE and GLOVER "How to  Use Bonded Wire S tra in  
Gauges"
Petroleum  Engineer V ol. 25 N^*12
13 Nov. 1956
10. TATTERSAL, WAKELING and 
WARD
"In v e s tig a tio n s  i n  th e  Design o f 
P re ssu re  Tunnels in  London Clay*  ^
Proceedings o f I n s t i tu t io n  of 
C iv il  E ng ineers. P t . l  V ol. 4
Ju ly  1955
11. THŒNHILL, G.K. "Tem perature C o rrec tio n  of S te e l  
Tapes"
Conference of Ebpire Survey 
O ff ic e rs . H.M.S-O. C o lo n ia l N o .I l l
1935
12. TSGHEBÛTARIQF, G.P. "Use o f E le c t r ic a l  R e s is t iv i ty  
S tra in  Gauges over Long P eriods of 
Time"
Proceedings of S o c ie ty  fo r  
E xperim ental S tre s s  A n a ly sis . 
Cambrige Mass... Vol# I I I  HOc2,
13. THOMAS, GcJ^. "Some F ac to rs  i n  th e  F ie ld  T estin g  
of S tru c tu re s"
-Conference onJWie 
between C a lcu la ted  and Observed 
S tre s se s  and D isplacem ents in  
S tru c tu re s .  I n s t i tu t io n  of C iv i l  
E ng in eers. 1955
14o WILKINS "Development o f  th e  Measurement 
o f S tra in s  in  S tru c tu re s"
C iv il  E ng ineer. V ol. 51 No« 599
May 1956
92
SÜBSIDENGE RESEARCH 
15. KELSEY, J . " In v e s tig a tio n  in to  th e  E ffe c t o f 
Mining Subsidence on Ordinance 
Survey T rian g u la tio n  S ta tio n s  in  
South Wales
The C hartered  Surveyor,
August 1957
16. MARR, J .E . "A New Approach to  th e  E stim ation  
o f Mining Subsidence"
T ransactions of I n s t i tu t io n  o f 
Mining E ng ineers. V o ld lS  P t .11
August 1959
17. POTTS, E .L .J .
ROBERTS, R.G.S. 
WILSON, K.
"The C o-o rd ina tion  o f Surface and 
Underground Development a t  P e te r  le e , 
County Durham"
T ransac tions . I n s t i tu t io n  o f 
Mining E ngineers. V ol. 119 P t. 5
Feb. i 960
18. PERZ, W< "Subsidence O bservations in  A ustria" 
Revue de 1 ® In d u s tr ie  M inière 
pp. 447 -  456 May 1959
19. WARDELL, K. "A Comparison between B r i t i s h  and 
German Experience o f Mining 
Subsidence"
T ransac tions . I n s t i tu t io n  o f Mining 
Surveyors. Vol. 30 p t .  11
A p ril 1950
20. WARDELL, K. "Mining Subsidence"
T ransac tions . Royal I n s t i t u t e  o f 
C hartered  Surveyors. V ol. 86 
p t .  8
21. WHETTQN, J .T . and 
KING, H .J.
"Aspects o f Subsidence and R elated  
Problems"
T ransac tions . I n s t i tu t io n  o f Mining 
E ngineers. Vol. 118 P t .  10
Ju ly  1959
93
22. WEBSTER, N.B.
GLOTER, C.M.H,
"The Law R e la tin g  to  Damage by 
Mining Subsidence and I t s  E ffec t 
on Mining P ra c tic e"
T ransactions . I n s t i tu t io n  of 
Mining Engineers Vol. 118 P t. 2
November 1958
23. "Proceedings of th e  Eîuropean 
Congress on Ground Movement"
The U n iv ersity  of Leeds,
A p ril 1957
THE EFFECT OF MINING SUBSIDENCE AND MCVEMMTS CF A SIMILAR NATURE ON 
STRUCTURES
24. BARAGOS and BOZOZUK "Seasonal Movements in  Some 
Canadian Clays"
4 th  In te rn a tio n a l  Conference on 
S o il  Mechanics and Foundation 
Engineering p . 246 1957
25. COOLING "Some Foundation Problems in  
Great B rita in "
B uild ing  Research Congress,
D iv. 1 P a r t I I I  p . 157 1951
260 CRQNEÏ, D. and 
LEWIS, W.Ao
"The E ffec t o f V egetation  on th e  
S ettlem ent o f Roads"
Proceedings of th e  Conference on 
Biology and C iv il  Engineering 
p . 195 1948
27. CRQNSY, D. and 
LEWIS, W.A.
"Damage to  Roads Caused by th e  
Drought of 1947"
Road Research Rd. Note No.6 
H.MoS.O. 1949
94
28 . HANNA "S ettlem ent S tud ies in  Egypt" 
Geotechnique, London, V ol. I I  
No. 1 . Jan . 1950
29 o HANNA and
TSCHEBATARIQFF
"S ettlem en t O bservations o f  B uild ings 
in  Egypt"
1 s t  In te rn a tio n a l  Conference on 
S o il  Mechanics and Foundation 
E ngineering . Vol. 1 .
30. HERBHIT, C.A. and 
RUTLEDGE, J . J .
"Subsidence due to  Goal Mining in  
I l l i n o i s "
Bureau o f Mines B u lle t in  238.
U.S. Department o f Commerce, 
W ashington. 1927
31. MsraaHOF, g. g . "The S ettlem en t A nalysis o f 
B uild ing  Frames"
The S tru c tu ra l  Engineer. V ol. 25 
No. 9 Sept. 1947
32, MEimnOF, G.G, "Some Recent Foundation Research 
and i t s  A pp lica tion  to  Design"
The S tru c tu ra l  Engineer. V ol. 31 
No. 6
33* OGDEN, H. and
ŒCHARD, R .J,
"Ground Movements in  North 
S ta ffo rd sh ire "
T ransac tions . I n s t i tu t io n  of 
Mining E ngineers. Vol. 119
1960
34, CEtCHABD, R .J . "Surface E ffe c ts  of Mining -  th e  
Main F ac to rs"
T ransac tions . I n s t i tu t io n  o f 
Mining E ngineers. Vol. U 6
1957
35* SKEMPTON, A.W. "A Foundation F a ilu re  due to  Clay 
Shrinkage Caused by Poplar Trees" 
Proceedings, I n s t i tu t io n  o f C iv i l  
E ngineers. Vol. 3 P t .  1
Jan . 1954
95
36 . SHORT, A. and 
sms, L.G.
"Survey o f Loading T ests  on 
Some Post=war House P ro to types" 
S tru c tu ra l  E ng ineer. V ol. 27
Feb, 1949
37. THOMAS, F.Go " S tru c tu ra l  Requirements fo r  
Houses"
N ational B uild ing  S tud ies S p ecia l 
R eport N o .l. H.M.S.O. 1948
38. THOMAS, F.G. " S tru c tu ra l  Engineering R esearch 
a t  B uild ing  Research S ta tio n "
The S tru c tu ra l  Eisgineer. V ol. 26 
No.2 1948
39. THORNEZGRQFT, W. "E ffe c t on B uildings o f Gb?ound 
Movement and Subsidence by Longwall 
Mining"
The American I n s t i t u t e  o f Mining 
and M e ta llu rg ic a l E ngineers, 
T echnical P u b lic a tio n  No. 39 «
G lass F , Goal D iv ision , N0.460
40. TSGHBBOTARICFF, G.P. "S ettlem en t S tud ies of S tru c tu re s"  
C iv il  E ngineering Nov, 1938 
Published by American S o c ie ty  of 
C iv il  E ngineers, New York.
41. TSGHEBOTARICFF, G.P. "S ettlem ent S tud ies of S tru c tu re s  
in  Egypt"
T ransac tions . American S ocie ty  of 
C iv il  E n g in eers. 1940
42. TSCHEBCTARICFF, G.P. "A Case o f S tru c tu ra l  Damage 
Sustained  by One S torey  High Houses 
Founded on Sw elling C lays". 
Proceedings o f 3rd In te rn a tio n a l  
Conference on S o il  Mechanics and 
Foundation E ngineering . V ol. 1
p. 4 7 3 .
43* WARD, W.H* "The E ffe c t o f F a s t Growing Trees
and Shrubs on Shallow Foundations" 
Jo u rn a l » I n s t i t u t e  Landscape Arch< 
V ol. 2 1947
44* WARD, W.H. "The E ffe c t o f V egetation  on
S ettlem en t o f S tru c tu re s"
Proceedings of Conference on Biology 
and C iv il  E ngineering , I n s t i tu t io n  
of C iv il  E ngineers, 1949
45* WARD, W.H. "S o il Movement and Weather"
Proceedings of 3rd  In te rn a t io n a l  
Conference on S o il Mechanics and 
Foundation Engineering» V cl, 1
1953
46. lOUSSEF and SABRY "S u b s ta n tia l C onso lidation  and
Swelling o f Clay Cause Two I n te r e s t ­
ing  Cases o f Serious Damage to  
H o sp ita l B uild ings in  Egypt" 
Proceedings 4 th  In te rn a tio n a l 
Conference on S o il  Mechanics and 
Foundation Engineering» V ol. 1
1957
47. "Report on Mining Subsidence and
I t s  E ffe c t on S tru c tu re s"  
I n s t i t u t e  o f S tru c tu ra l  Engineers
1949
48. "Mining Subsidence E ffec ts  on
Small Houses"
N ational B uild ing  S tud ies S pecia l 
Report No.12. H.M.S.O. 1951
97
PRECAUTIONS AGAINST THE EFFECTS OF SUBSIDENCE
49 « LACEY, W.D. and 
SWAIN, H.T.
"Design fo r  Mining Subsidence" 
A re h ite c ts  Jo u rn a l Vol. 126 
No. 3267 lOfch Oct» 1957
50. MAUTNER, K.W. "S tru c tu re s  in  Areas Subjected to  
Mining Subsidence"
The S tru c tu ra l  Engineer V ol. 26
1948
51. WARDELL, K, "The P ro te c tio n  of S tru c tu re s  
A gainst Subsidence"
C hartered  S u rv ^ o r  Vol. 90 No.lO
A p ril 1958
52. WASILKOWSKI, F, "Complete P ro te c tio n  of S tru c tu re s  
A gainst Damage Due to  Subsidence" 
C iv il  and S tru c tu ra l  Engineering 
Review. V ol. 10 Nos. 2 , 3 and 4<
53. WATSON, L.H. "Economics o f Support o f Surface 
P ro p e rtie s"
The C hartered  Surveyor
V ol. 92 No. 7 Jan , I960
54. VENTm, PIRNAY and 
LISAGS
"P ro te c tio n  des Bâtim ents Contre 
le s  Mouvements de T erra in s"  
Annales des Mines de Belgique 
Vol. 53 No.4 Ju ly  1954
